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Abstract
The availability of high-resolution datasets describing the spatio-temporal evolution
of precipitation is becoming increasingly important in order to analyse the long-term
variability and trends of the climatic signal and possible impacts over specific areas of
interest. These datasets are therefore crucial not only for research purposes, but also
for decision-makers in a wide range of fields, such as agriculture, energy production,
hydrology, natural risk monitoring and resource management. The reconstruction of
high-resolution climate descriptions requires both accurate in-situ observations and
suitable interpolation schemes to project the station data onto regular grids.
The study focuses on the development and improvement of interpolation methods for
monthly precipitation data and on the reconstruction and analysis of gridded datasets
from dense and high-quality rain-gauge records covering specific study domains.
The first goal of the work was the reconstruction of the high-resolution monthly precip-
itation climatologies over Italy for the 1961-1990 period. The observation database was
set up thanks to a relevant effort of data rescue and collection from a great number of
national and international sources and led to more than 4500 quality-checked monthly
records available for the climatological reconstruction. Considering the heterogeneous
Italian orography and the influence of surface features on precipitation distribution, a
local weighted linear regression (LWLR) of precipitation versus elevation was applied
to interpolate the station monthly normals onto a 30-arc second resolution Digital El-
evation Model (DEM). Leave-one-out (LOO) validation and inter-comparison proved
that the approaches modelling the local precipitation-orography relationship provide
more accurate results in respect with methods considering larger spatial scales or not
including the topography at all. The computed 30-arc second resolution monthly pre-
cipitation climatologies for Italy were on-line released and they represent an updated
and highly detailed description of precipitation normals over the whole national terri-
tory in digital form.
In order to evaluate the temporal evolution of precipitation over some of the most
vulnerable Italian regions, gridded datasets of long-term precipitation series were pro-
duced by means of the anomaly-based approach. The secular precipitation series were
reconstructed for the upper part of Adda river basin (Central Italian Alps), with an
additional focus over the Forni glacier, and for Sardinia, as case-study for the Mediter-
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2ranean area. New records were collected, especially thanks to the integration of the
recent automatic station records with those of the previous mechanical networks and
to digitisation activities of the most ancient data from hardcopy archives. All the se-
ries underwent statistical procedures aiming at avoiding inhomogeneities due to non-
climatic signals. The gridded dataset allowed to get the secular areal precipitation
records for the study regions and to evaluate their trends. As regards the Adda basin,
the reconstructed 1800-2016 series showed statistically significant negative trends for
annual and autumn precipitation. The comparison with the 1845-2016 annual basin
runoff record, which is one of the longest runoff series available in Italy, allowed both
to depict a strong decrease in annual runoff driven by the increase of evapotranspira-
tion and to evaluate the possible contribution of gauge undercatch, especially in moun-
tainous sites, to the underestimation of basin precipitation.
The trend analysis over the 1922-2011 areal monthly precipitation record computed for
Sardinia highlighted statistically significant decreases of -2.3% and -4.1% decade−1 in
annual and winter values, respectively, and a positive but not statistically significant
trend in summer precipitation. These outcomes agreed with other literature studies
focusing on precipitation variability over Mediterranean area.
The final part of the work focused on the development of interpolation schemes to im-
prove the accuracy of gridded precipitation fields for domains unevenly covered by
station networks. Norway represents a very interesting case-study, where the severe
climatic conditions and the complex orography limit the management of in-situ ob-
servations over the most remote regions leading to an unbalanced station distribution
between North and South and between low and high elevation. At this aim, a new
method to compute the Norwegian monthly precipitation climatologies (1981-2010)
at 1 km resolution was implemented and the gridded dataset was on-line released
for both research and operative purposes. In this scheme, named HCLIM+RK, the
HCLIM-AROME climate numerical model fields, which are not based on rain-gauge
data and describe the precipitation gradients also over unsampled areas, are combined
with available in-situ observations by the kriging interpolation of station residuals.
In HCLIM+RK the high-resolution reliable precipitation patterns provided by the nu-
merical model are retained and the station data are used to correct the biases affecting
the numerical fields. The LOO reconstruction errors of Norwegian station normals
showed that the combined approach almost removes the biases affecting the original
HCLIM-AROME dataset and it provides much lower errors than conventional inter-
polation procedures based on stations only.
Riassunto
La disponibilità di campi ad alta risoluzione che descrivono l’evoluzione spazio-
temporale delle piogge sta assumendo una rilevanza crescente per l’analisi delle ten-
denze e della variabilità a lungo termine del segnale climatico e per la valutazione
degli impatti su specifiche aree di interesse. Questi dataset rappresentano pertanto
strumenti fondamentali non solo per scopi di ricerca, ma anche per scopi operativi e
decisionali in diversi settori, quali l’agricoltura, la produzione energetica, l’idrologia
e la gestione dei rischi e delle risorse naturali. La ricostruzione spazio-temporale del
segnale climatico richiede accurati dati osservativi e schemi di interpolazione idonei a
proiettare i valori puntuali su griglie regolari ad alta risoluzione.
Il presente studio si concentra sullo sviluppo di metodi interpolativi per valori di pi-
oggia mensili e sulla ricostruzione ed analisi di dataset grigliati prodotti su specifiche
aree di studio a partire da numerose e accurate serie osservative. Il primo obiettivo
del lavoro ha riguardato la ricostruzione delle climatologie italiane ad alta risoluzione
delle precipitazioni mensili per il periodo 1961-1990. Il database osservativo utiliz-
zato è stato prodotto grazie ad un intenso lavoro di recupero e raccolta dei dati da
numerose fonti nazionali ed extra-nazionali che ha portato a più di 4500 serie mensili
disponibili per l’analisi climatologica, la cui qualità è stata valutata mediante speci-
fici test statistici. Considerando l’eterogeneità dell’orografia italiana e l’influenza delle
caratteristiche geografiche sulla distribuzione spaziale delle piogge, le normali men-
sili 1961-1990 delle stazioni sono state interpolate su un modello di elevazione dig-
itale a risoluzione di 30 secondi d’arco mediante una regressione lineare pesata lo-
cale di precipitazione-quota. La validazione leave-one-out (LOO) ed il confronto hanno
mostrato che i metodi che includono l’effetto dell’orografia a scala locale forniscono
risultati più accurati rispetto a schemi interpolativi che considerano scale spaziali più
ampie o che trascurano l’influenza orografica. Le climatologie 1961-1990 di precipi-
tazione mensile per l’Italia ottenute e messe a disposizione on-line rappresentano una
descrizione aggiornata e di elevato dettaglio spaziale delle normali pluviometriche sul
territorio nazionale in formato digitale.
Al fine di valutare l’evoluzione temporale delle precipitazioni su alcune delle aree ital-
iane più vulnerabili ai cambiamenti climatici, griglie regolari di lunghe serie pluvio-
metriche sono state costruite mediante il metodo delle anomalie. In particolare, serie
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4secolari di piogge sono state ricostruite per la porzione superiore del bacino dell’Adda
(Alpi centrali italiane), con un ulteriore focus sul ghiacciaio dei Forni, e per la Sardegna,
scelta come caso di studio per l’area mediterranea. Nuovi dati sono stati raccolti grazie
anche all’integrazione delle misure delle recenti stazioni automatiche con quelle delle
precedenti reti meccaniche regionali e ad attività di digitalizzazione dei dati più an-
tichi disponibili solo su supporti cartacei. Test statistici sono stati applicati alle serie
al fine di eliminare eventuali disomogeneità dovute a fattori non climatici ed i valori
interpolati hanno consentito di calcolare le serie areali di pioggia e di valutarne i trend.
La serie 1800-2016 di piogge areali per il bacino dell’Adda ha mostrato decrescite sta-
tisticamente significative sia a scala annuale che per la stagione autunnale. Il confronto
con la serie 1845-2016 di deflussi annuali, tra le più lunghe serie italiane di deflussi da
bacino, ha permesso di evidenziare un significativo calo dei deflussi a lungo termine
causato dall’aumento dell’evapotraspirazione e di valutare l’impatto della difficoltà di
misurare correttamente le precipitazioni nevose da parte dei pluviometri, soprattutto
nelle aree montane, sulla possibile sottostima degli afflussi al bacino.
La serie 1922-2011 delle piogge areali per la Sardegna ha mostrato decrescite statisti-
camente significative di -2.3% e -4.1% decade−1 rispettivamente per i valori annuali e
invernali ed una tendenza positiva ma non significativa per le piogge estive. Questi
risultati sono in accordo con altri studi di letteratura che analizzano la variabilità delle
precipitazioni sulle regioni mediterranee.
L’ultima parte del lavoro ha riguardato lo sviluppo di metodi di interpolazione che
consentano di migliorare l’accuratezza dei campi di precipitazione per regioni in cui la
copertura della rete meteorologica è disomogenea sul territorio. La Norvegia rappre-
senta un caso di studio molto interessante dove il clima severo e la complessa orografia
ostacolano la gestione di stazioni di misura in aree remote provocando un forte squilib-
rio nella disponibilità dati tra Nord e Sud e tra le aree di bassa e alta quota. Per questo
motivo, le climatologie norvegesi di piogge mensili (1981-2010) a 1 km di risoluzione
sono state calcolate mediante un nuovo metodo interpolativo e rese disponibili on-
line sia per scopi di ricerca che operativi. In questo schema, denominato HCLIM+RK,
i campi di pioggia forniti dal modello numerico HCLIM-AROME, che non utilizza i
dati delle stazioni e descrive i gradienti pluviometrici anche per le aree più remote,
vengono combinati con i dati osservativi disponibili mediante una procedura inter-
polativa basata sul kriging dei residui. In questo modo, si conservano i gradienti ad
elevata risoluzione forniti dal modello numerico HCLIM-AROME ma correggendone
il bias grazie alle osservazioni. Gli errori di ricostruzione delle normali mensili delle
stazioni norvegesi hanno dimostrato che il metodo HCLIM+RK consente di rimuovere
il bias del dataset originale del modello numerico e migliora l’accuratezza dei risultati
rispetto a schemi interpolativi tradizionali basati esclusivamente sui dati osservativi.
Chapter 1
Introduction
1.1 The climate system and the study of climate change
According to the definition reported by the Working Group I in the Fifth Assessment
IPCC (Intergovernmental Panel on Climate Change) report (IPCC, 2013), climate is
usually defined as the average weather or, more rigorously, as the statistical descrip-
tion in terms of the mean and variability of relevant quantities over a period of time
ranging from months to thousands or millions of years. The considered quantities are
most often surface variables such as temperature or precipitation, while 30 years is the
usual averaging period, as defined by the World Meteorological Organization (WMO).
The climate should be distiguished from the weather, which is the description of the
atmosphere conditions at a certain time and place with reference to the meteorological
elements, e.g. temperature, pressure, humidity and wind. The term climate change in
IPCC usage refers to a change in the state of the climate that can be identified (e.g. us-
ing statistical tests) by changes in the mean and/or by the variability of its properties,
and that persists for an extended period, typically decades or longer. It refers to any
change in climate over time, whether due to natural variability or as a consequence of
human activity. The climate system is in fact the result of the complex interaction among
atmosphere, hydrosphere, cryosphere, land surface and biosphere (Figure 1.1).
The climate processes on Earth are mainly driven by the solar radiation. Almost half
of the incoming solar radiation, i.e. the shortwave radiation, is absorbed by the Earth’s
surface, while the remaining fraction is reflected back by clouds, by the atmosphere
and by the Earth’s surface itself or directly absorbed by the atmosphere. Earth, atmo-
sphere and clouds emit themselves the absorbed radiation in form of infrared radiation
(longwave) which is absorbed in large part by the so-called greenhouse gases (GHGs),
such as water vapour, carbon dioxide (CO2), nitrous oxide (N2O), and methane (NH4),
which are natural parts of the atmospheric composition. Atmosphere emits in turn
infrared radiation in all directions including a downward component to the Earth’s
5
6Figure 1.1: The main components of climate system.
surface which produces a heating effect of the surface and of the low atmospheric lay-
ers. This mechanism is called the natural greenhouse effect and it allows the temperature
of the Earth’s surface to be kept at a temperature of on average 15◦ C. Due to the Earth
curvature, tropical and subtropical regions receive the greatest fraction of incoming
solar energy. The global circulation is therefore determined by the atmospheric and
oceanic transport processes which partly redistribute the energy surplus of tropical re-
gions towards the Poles.
All natural and anthropogenic changes that affect the net shortwave and/or longwave
radiation, i.e. the climate forcings, could alter the Earth’s radiative equilibrium leading
to temperature increments or decreases. The natural climate forcings include changes
in the solar radiation due to Solar activity (Crowley, 2000), Milankovitch cycles, i.e.
small variations in Earth’s orbit and its axis of rotation occurring on millenial scale
(Berger, 1988), natural oscillations, such as the ENSO (El-Niño Southern Oscillation)
and the NAO (North Athlantic Oscillation) (Hurrel and van Loon, 1997; Beniston and
Jungo, 2002) and large volcanic eruptions that inject light-reflecting particles into the
stratosphere (Stenchikov et al., 1998). Anthropogenic forcings concern the increment
7in aerosol concentration, which alters incoming and outgoing radiation (Twomey et
al., 1984), the land-use changes, e.g. deforestation, which modify the surface albedo,
i.e. its reflectance, and the increment in the emissions of greenhouse gases in the atmo-
sphere, which enhances its ability in absorbing and emitting backwards the longwave
radiation (Kvalevåg and Myhre, 2007). Each forcing can in turn trigger feedbacks that
intensify or weaken the original effect on climate. Since the second half of the 20th
century, a significant increase in the mean global temperature of 0,12◦ C per decade
(1951-2012) has been registered (Figure 1.2) (IPCC, 2013). The remarkable impact of
Figure 1.2: 1880-2013 series of global surface temperature anomalies in respect with
1951-1980 average.
human activities on this recent and fast temperature increase has been proved by sim-
ulations, since the inclusion of natural forcings alone in the modelling is not enough
to explain the observed global temperature trend (IPCC, 2013). The increment in the
concentration of GHGs in the atmosphere mainly driven by human activities such as
fossil fuel exploitation and industrial development, is considered the primary respon-
sible of the warming effect. In particular, the global concentrations of CO2 increased
significantly since the beginning of the industrial era passing from about 270 ppm be-
fore 1750 to the actual 400 ppm (Figure 1.3). Evidences of the fast changing climatic
process can be easily found all around the world for example in the variations in ocean
circulation and temperature, as well as in the fast reduction of glaciers and ice-sheets
and in the rise of sea level.
Due to the role of climate in determining the environment, the ecosystems, the econom-
8Figure 1.3: The carbon dioxide data (red curve), measured as the mole fraction in dry
air, on Mauna Loa constitute the longest record of direct measurements of CO2 in the
atmosphere. The black curve represents the seasonally corrected data. Data are re-
ported as a dry mole fraction defined as the number of molecules of carbon dioxide
divided by the number of molecules of dry air multiplied by one million. Source:
https://www.esrl.noaa.gov/gmd/ccgg/trends/.
ical activities as well as the human health and development, the evaluation of both the
spatial distribution and time evolution of climate variables and their influence on the
natural systems is therefore a crucial, and currently relevant, research topic at both
global and regional scales. As regards the temporal evolution of climate, the recon-
structions are performed for both the remote past and the recent past (from the last
two-three centuries to present). Due to the lack of direct meteorological observations,
the climate over the past millennia has to be evaluated by proxy data such as pollens
(Davis et al., 2003), tree-rings (Frank and Esper, 2005) and the isotopic composition of
snow or ice cores (Jouzel et al., 1987) and of speleothemes (Constantin et al., 2007).
The climate of the recent past is reconstructed by means of observational databases of
instrumental records of the main climatological variables such as temperature, precip-
itation and solar radiation. For Italy the evolution of the climate over the last centuries
9has been recently analysed by Brunetti et al. (2004; 2006) and Manara et al. (2015).
The future climate is computed by numerical models based on a complex system of
physical equations taking into account all the acting processes, the future role of both
natural and human forcings and their interactions. The climate scenarios for the next
decades highlight a further strengthen of the global warming, with temperature trends
strongly dependent on the adopted Representative Concentration Pathway (RCP), i.e.
the expected curve of GHG emissions for the next years (van Vuuren et al., 2011). Be-
side to the temperature increase, the future climate scenarios give also evidence of a
reduction of the water resource availability, as well as of an increase in precipitation
extremes both in terms of intensity and duration, so that long dry spells and short pe-
riods of intense precipitation are expected to be more likely in the next decades. In
addition, the warming will enhance the hydrological cycle which implies higher rates
of evaporation and a greater proportion of liquid to solid precipitation; these physical
mechanisms, associated with potential changes in precipitation amount and season-
ality, could affect soil moisture, groundwater reserves, and the frequency of flood or
drought episodes. However the effects of the global climate system variations and
their magnitude could be extremely different on regional and local scales in relation
with the specificities and vulnerability of the areas, so that local trends could turn out
to be double or opposite in comparison with the global climate changes. For this rea-
son, the studies on climate changes need to be managed on different spatial resolution,
ranging from global to regional scales, by developing methods able to describe the cli-
mate at local level and to capture the heterogeneity of the climate signal. This could be
particularly crucial for precipitation, which are highly influenced by the topography,
and over the mountainous regions. The IPCC Fifth Assessment Report indicates in
fact the mountain environments as highly fragile ecosystems where the rich biodiver-
sity, hydrolgical complexity and human communities are more exposed to the climate
changes. The Alps, in particular, have experienced in the last 150 years a double rate in
temperature increase in comparison with the global average, which has been recorded
at both the low and high-elevation areas of this region (Böhm et al., 2001; Brunetti et
al., 2009a). The analysis of proxy records, mainly from tree-rings, showed that this
warming has led in the last decades to decadal average summer temperatures that
have never been observed in the last millennium (Masson-Delmotte et al., 2013 and
references therein). The rising temperature is inducing a fast glacier reduction, the
melt of permafrost inside the soil which enhances slope instability and higher evap-
otranspiration rates. In such a changing environment, the precipitation regime could
significantly affect the safety of life and civil infrastructures of mountainous commu-
nities. The knowledge and reconstruction of the spatio-temporal variability and distri-
bution of precipitation at fine scale represent therefore fundamental tasks to manage
future resources, to preserve and promote the mountain environment and to prevent
10
water-related hazards, such as floods, landslides and avalanches.
1.2 The reconstruction of the recent climate
High-resolution information on the recent climate evolution (from the last two cen-
turies to present) over areas of interest is a crucial requirement to analyse with spatial
continuity the temporal variability of specific meteorological variables and the occur-
rence of long-term trends at local scale. Gridded datasets of secular series of relevant
quantities, e.g. temperature and precipitation, based on station observations are rele-
vant not only for climate-related research but also as decision-support tools in a wide
range of fields, such as energy production, agriculture, engineering, civil protection
and natural resource preservation. In addition they are useful to retrieve areal infor-
mation about the target variable or specific related quantities, which would not be di-
rectly computed by station records only. Station-based averages could be in fact highly
vulnerable to gaps in the observation series and unevenless in spatial data coverage,
for example between mountains and valley bottoms, which could influence the actual
pattern of the climatic signal. High-resolution grids of precipitation records allow for
example to provide total areal precipitation series over a catchement or a specific re-
gion and to identify changes and tendencies in water input and disposal.
At the state of the art, one of the most applied schemes to reconstruct the temporal sig-
nal of a meteorological variable is the so-called anomaly method (e.g. New et al., 2001;
Mitchell and Jones, 2005), which is based on the assumption that the temporal variation
of any meteorological variable can be computed by superimposing two separate fields:
a spatial field of constant values of reference, i.e. the climatologies, and the departures
from them, i.e. the anomalies. The two fields can be computed independently, even
starting from different databases. In fact climatologies are strongly influenced by the
orographic features of the surface and they require a dense station distribution in order
to properly capture and reconstruct the spatial meteorological gradients; on the con-
trary, anomalies are characterised by a larger spatial coherence so that their field can be
obtained using a fewer number of observations. In anomaly interpolation, continuous
and high-quality records are required in order to extend the reconstruction over long
periods and avoid the influence of non-climatic signals which could mask the actual
climate evolution. The anomaly-based approach aims at limiting the biases in interpo-
lated fields due to the uneven distribution of stations over both time and space as the
climate signal reconstruction over low-sampled areas takes advantage from the large
spatial coherence characterising the anomalies and from the high-resolution informa-
tion supplied by the climatological background.
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1.3 High-resolution climatologies
Climatologies report the mean values of a specific meteorological variable over a pe-
riod of reference at a certain temporal and spatial resolution. Several spatial interpola-
tion techniques have been proposed so far in order to project the climatological infor-
mation from station sites onto high-resolution grids. The interpolation allows to obtain
the climatological data for a number of points of several orders of magnitude higher
than the number of available observations. The interpolation methods can be classified
into i) deterministic models such as splines, inverse distance weighting and linear re-
gression ii) statistical probability models, including kriging, its variants and Baesyan-
based approaches, and iii) expert-based models, such as data-driven techniques and
neural network. The choice of the model largely depends on the study variable, the
availability of observation data and the target spatial resolution. In particular, precip-
itation are strongly related to the geographical features of the Earth’s surface, and this
relationship is known to vary at a very local level (Daly et al., 1994). For this reason,
the construction of high-resolution datasets of precipitation climatologies requires the
application of interpolation approaches modelling the links between precipitation and
orography as well as of rain-gauge networks properly covering the study area in order
to capture the fine-scale precipitation gradients.
Interpolation grids are generally based on Digital Elevation Models (DEMs) at specific
spatial resolutions. The most recent DEM versions released by U.S. Geological Survey
and used in the presented works are available at 30, 15 and 7.5 arc second resolutions
(USGS GMTED2010, GTOPO30). However, the surface description provided by the
DEMs is generally finer than the actual spatial scales at which the atmospheric cir-
culation is influenced by the topography (Henn et al., 2018), so that a smoothing of
elevation details by means of proper filters is generally performed for most spatialisa-
tion procedures considering the topography as precipitation predictor.
Over the last decades several precipitation climatologies based on rain-gauge observa-
tions have been produced in Europe with different spatial resolutions, on both national
and regional scales. 1 km resolution climatologies have been recently released for Fin-
land (Aalto et al., 2017) and Croatia (Percˇec Tadic´, 2010), while Frei and Schär (1998)
provided a 1971-1990 monthly climatological dataset at about 25 km resolution cover-
ing the European Alps and, more recently, the daily precipitation climatologies for the
same Alpine region have been described at 1 km resolution by Isotta et al. (2014). In
the following some of the most widely used approaches for precipitation interpolation
are described.
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1.3.1 Regression-based models
Regression-based models assume the occurrence of a linear relationship between
precipitation, which is considered the dependent variable y, and one or more specific
predictors, or independent variables, x. The least squared method is applied to define
the straight line which allows to minimise the squared distance from each point.
The number of independent variables defines the type of regression, which could be
simple if only one variable is used, or multiple, if more predictors are included:
y = a + bx + e (1.1)
y = a + b1x1 + ...+ bnxn + e (1.2)
where a is the intercept, i.e. the value of y when the independent variables are zero,
b describes the rate of change (increase or decrease) of y for the unitary increment of
each independent variable and e are the residuals. Since precipitation spatial gradients
are mostly driven by geographical conditions, some of the main predictors which are
generally taken into account in regression-based interpolations are coordinates, eleva-
tion, sea distance, slope orientation and slope steepness.
The linear regression could be global or local in relation to the area over which the fit
is evaluated. A global regression performs a single linear fit over the whole study area,
i.e. the same relationship between the dependent variable and predictors is assumed
to exist at all the points of the grid. This approach is preferable for domains featur-
ing homogeneous physiographic conditions and shallow elevation gradients. On the
contrary, the projection of precipitation normals onto orographically complex surfaces
could require the application of a local regression approach in which different linear
relationships are applied over the different portions of the domain by means of mov-
ing windows spanning the whole study area. The extent of the windows depends on
the grid resolution, geographical conditions and, most of all, station coverage which
has to be dense enough to properly represent the local climatic regimes.
One of the most used methods for spatial interpolation of precipitation and based on
regression is the PRISM approach (Daly et al., 2002 and references therein) which was
recently implemented to study the monthly precipitation distribution over Northern
and Central Italy by Brunetti et al. (2009b). In this method, a local weighted linear re-
gression of precipitation versus elevation (LWLR) is applied at each point of the grid.
The precipitation-elevation relationship at each cell is defined by means of a weighted
linear fit performed on neighbouring stations. In fact, in order to prioritise stations
which are mostly representative of the orographic conditions at target location, they
enter in the regression with weights depending on their nearness and orographic sim-
ilarity (e.g. elevation, slope steepness, slope orientation and sea distance) to the grid
cell under consideration. The range of the searching radius for stations to be included
13
in the fit as well as the weighting functions have to be evaluated in relation to the
features of the study domain.
1.3.2 Kriging-based models
Kriging is a geostatistical interpolation scheme which was firstly proposed by Daniel
Krige in 1951 (Krige, 1951) and developed further by George Matheron (Matheron,
1969). In kriging model, prediction is defined as the combination of a constant sta-
tionary function, i.e. a global mean, and a spatially correlated stochastic part of vari-
ation. Following the description reported in Hengl (2009), if P is the target variable,
p(s1), p(s2), ..., p(sN) is a set of observations and si = (xi, yi) are the geographical loca-
tions, the predictions are based on the model:
P(s) = µ+ e(s) (1.3)
where µ is the constant stationary function (global mean) and e(s) is the spatially cor-
related stochastic part of variation.
Therefore, the predictions at an unknown location s0 are computed as:
p˜(s0) =
N
∑
i=1
wi(s0) · p(si) = λT0 · p (1.4)
where λ0 is the vector of kriging weights and p is the vector of N observations at
selected locations. The weights are chosen in order to minimise the prediction error
variance and they depend on the spatial autocorrelation structure of the variable. The
first step consists in fact in the definition of an experimental semivariogram which is a
function describing the degree of spatial dependence of the spatial random field and it
is defined as the half of the average squared difference between all the data pairs with
increasing distance:
γ(h) =
1
2m(h)
·
m(h)
∑
i=1
[p(si)− p(si + h)]2 (1.5)
where γ(h) is the estimated semivariance for the distance h and m(h) is the number of
measured point pairs at distance h. The experimental semivariogram is fitted by means
of a theoretical model, e.g. Gaussian, spherical or exponential (Goovaerts, 2000), and
the theoretical semivariogram is then used to extract the kriging weights. The weights
are extracted by minimising the error variance and by assuring the unbiasedness of the
estimator, i.e. the sum of the weights must be equal to unity. The basic assumptions
of kriging are the stationarity, unbiasedness and normal distribution of data and the
absence of global trends.
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Besides the basic kriging scheme above described, also called Ordinary Kriging (OK),
several variants are used. Regression (or Residual) kriging (RK) is a kriging variant
used to interpolate non stationary data. In this case the value of the study variable at a
certain location is represented as the sum of deterministic and stochastic components
that can be modelled separately:
P(s) = m(s) + e
′
(s) + e” (1.6)
and the predictions at an unknown location are computed:
p˜(s0) =
n
∑
k=1
β˜k · qk(s0) +
N
∑
i=1
λi · e(si) (1.7)
where β˜k are the regression coefficients, qk are the regression predictors, n is the num-
ber of predictors, e are the residuals of regression at sample locations and λ are the
kriging weights obtained from the spatial dependence structure of the residuals. The
regression coefficients β˜k can be evaluated by ordinary least squared methods and,
once the deterministic part is computed, the residuals are interpolated by OK and
added to the estimated trend at target location. RK is useful whenever the target vari-
able is expected to feature a specific relationship with some selected predictors, as it
is the case for precipitation with the geographical conditions of the domain surface.
As for the regression-based models described in the previous section, the regression
coefficients of RK can be evaluated on both global and local scales.
1.4 Anomaly interpolation and long-term series recon-
struction
Anomalies are defined as the deviations of a meteorological series from the corre-
sponding climatological values of reference. While temperature anomalies are ex-
pressed as the difference from the normals, for precipitation relative anomalies are
considered, i.e. the ratios to the corresponding climatologies. The spatial structure of
anomalies shows a larger spatial coherence than the absolute values so that reliable in-
terpolated estimates can be retrieved even from a lower number of stations. However
continuous and high-quality records are required in order to extend the reconstruction
over long periods and to avoid the influence of non-climatic signals which could mask
the actual climate evolution. In particular, the homogeneity of the observed records is
a crucial requirement in order to assure the absence of breaks in the series due to exter-
nal factors, e.g. station relocations, malfunctions or replacement of sensors (see section
1.6).
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Most of the approaches proposed in scientific literature to interpolate station anomalies
onto a high-resolution grid are based on the weighting average of surrounding obser-
vations (e.g. Efthymiadis et al., 2006; Isotta et al., 2014). In particular the weight of the
i−th station at each target cell (x, y) is computed as a product of Gaussian functions,
one for each factor which is expected to mostly influence the precipitation distribution
over the study domain, such as the distance or the elevation difference from the point:
wpari (x, y) = e
−∆
par
i (x,y)
cpar (1.8)
where par represents the considered factor, ∆pari (x, y) is the difference in the factor
between the considered point and the station i and cpar is the rate of the weight decay.
The decreasing rate of the weighting functions could be dependent on both location
and time step.
The high-resolution field of anomalies can be finally converted into absolute values by
the superimposition of climatologies (sum or product in relation to the variable under
consideration) in order to provide a long-term series for each point of the regular grid
covering the study area.
1.5 Validation of interpolation methods
The validation of the interpolation methods applied to project station information onto
high-resolution grids allows to quantify the accuracy and reliability of the computed
fields. The validation is performed by the cross-validation of station data and by the
evaluation of reconstruction errors. One of the most applied cross-validation methods
is based on the Leave-One-Out procedure (LOO) in which each station in turn is dis-
carded from the database, its value is computed by applying the interpolation method
to the remaining stations and then compared to the measured one. The LOO valida-
tion allows to avoid the self-influence of the station data under reconstruction and to
increase the robustness of the validation estimates. In particular, the agreement be-
tween observed values (O) and the model predictions (P) can be quantified by means
of several error estimators. The most common error estimators are:
• BIAS, it is the mean difference between modelled and measured values and al-
lows to detect systematic errors in model estimates.
BIAS =
1
N
N
∑
i=1
(Pi −Oi) (1.9)
• Mean Absolute Error (MAE), it provides the mean value of the absolute differ-
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ence between modelled and observed data.
MAE =
1
N
N
∑
i=1
|Pi −Oi| (1.10)
• Mean Absolute Percentage Error (MAPE), it provides the percentage of the mean
absolute differences between modelled and measured data normalised to the ob-
servations.
MAPE =
1
N
N
∑
i=1
|Pi −Oi|
Oi
· 100% (1.11)
• Root Mean Squared Error (RMSE), it emphasises the influence of high differences
between predictions and observations, since the errors are squared before they
are averaged. For this reason RMSE could be useful to highlight the cases show-
ing the most problematic reconstructions.
RMSE =
√√√√ 1
N
N
∑
i=1
(Pi −Oi)2 (1.12)
• Determination coefficient or R-squared (R2), it explains the proportion of the vari-
ance in the observations that is predictable by the model:
R2 = 1− ∑
N
i=1(Pi −Oi)2
∑Ni=1(Oi −O)2
(1.13)
1.6 Data preparation: quality control and homogenisa-
tion
In order to assure the quality of observation data from meteorological stations enter-
ing into climatic studies and temporal reconstruction, preliminary processes on the
database are required. The quality-check procedures applied to station records allow
in fact to detect and remove the most spurious entries, such as outliers or, in case of
precipitation, sequences of null values, due to sensor malfunction or digitisation over-
sights, which could lead to relevant artefacts in the interpolated fields. Erroneous sta-
tion metadata (i.e. coordinates or elevation) have to be identified too and, whenever
it is possible, corrected. One of the most used procedures for quality-check is based
on station anomalies and consists in comparing each measured series with a simulated
one by means of the neighbouring records. More specifically, in case of monthly pre-
cipitation series, for each datum of each measured series (ptest) the n closest stations
(reference stations) with a non-missing value in correspondence with the entry under
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consideration and with a sufficient number of data for that month in common with
the test series are selected. The ptest for the month m is then reconstructed from each
reference value pre f as follows:
p˜testm,i = pre fm,i ·
p¯testm,i
p¯re fm,i
i = (1, . . . , n) (1.14)
where p¯testm,i and p¯re fm,i are the test and reference series averages in the considered
month over their period of common data availability. The best estimation of ptestm is
finally obtained by considering the median of the n estimated values. The compar-
isons between observed and estimated series allows to detect the records showing a
low agreement with the neighbouring stations and to point out the most relevant dis-
crepancies (Figure 1.4).
Figure 1.4: Comparison between the observed precipitation record and the simulated
values by means of equation 1.14 at the Calolziocorte station (LC, Italy). Panel a) re-
ports the scatter plot between simulated and observed monthly values, in panel b)
the modelled (red line) and measured (black line) annual precipitation series are com-
pared.
The quality-check procedure allows also to detect the most evident inhomogeneities
which could be contained in a meteorological series, i.e. changes in the climatic regime
caused by external factors, such as changes in station locations or in the surrounding
environment. The identification and correction of breaks is particularly crucial when
the records are used for temporal recostruction and trend analyses since they could in-
troduce non-climatic signals altering the actual evolution of the target variable. Station
metadata reporting details about the site history help to identify the periods of possible
breaks in the station record, even though in most cases these information are not easily
available. One of the best performing methods to control series homogeneity (Venema
et al., 2012) and to detect breaks is the Craddock test (Craddock, 1979), which is based on
the assumption that the difference/ratio between two homogeneous records should be
constant along the time. If monthly precipitation data are considered, for each datum
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of the test series ptest the ratio with the corresponding entry of each one of n selected
reference stations is computed as follows:
Rm =
∑j
ptest,m,j
N
∑j
pre f ,m,j
N
(1.15)
where m is the month under consideration, j represents the common years of valid
data and N is the total number of common years. 12 values for R are thus obtained.
The monthly series of cumulated differences C (Craddock series) is computed between
the test series and the normalised values of each reference one by means of the corre-
sponding Rm estimates. The j-th element of the Craddock series is:
Cj =
j
∑
m=1
(ptest,m − Rm · pre f ,m) (1.16)
It is possible to verify that the last element of the Craddock series is null. The break-
points in the test series could be identified by simultaneous changes (first-derivative
discontinuities) in the slope of all the Craddock series obtained from the comparison
with the n reference stations (Figure 1.5).
The time series containing breaks can be subjected to a procedure of data homogenisa-
Figure 1.5: Craddock series for the monthly precipitation record of Dongo station (CO,
Italy) obtained from five different reference stations.
tion by following the same assumption of constant ratio among homogeneous records.
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By considering a homogeneous reference series on the whole period and the inhomo-
geneous test series on the subperiod A, the following relation can be considered:
re f A,m
re f B,m
=
testA,hom,m
testB,m
=
Cm · testA,inhom,m
testB,m
(1.17)
where
• B refers to the subperiod in which both series are homogeneous;
• m is the month under consideration;
• testA,inhom,m is the mean precipitation for the month m of test series over the in-
homogenous subperiodA;
• testA,hom,m is the expected mean of test series for the month m in order to obtain
a constant ratio over the whole period;
• Cm is the correcting factor for the month m.
In order to increase the robustness of the correction, Cm is generally computed from
several reference stations and the mean value is finally applied. In some cases a differ-
ent correcting factor for each month should be applied, in others a single value for all
the months is preferable by considering for example the average of the monthly correc-
tions normalised for the corresponding monthly climatologies. However, at the state
of the art, a standard approach to identify and correct breaks in meteorological data
has not been yet provided in scientific literature and the homogenisation procedure is
largely based on expert-based choices.
1.6.1 Trend analysis of meteorological series
The availability of long and continuous series of meteorological variables for a spe-
cific region allows to investigate the occurrence of long-term variability and trends.
Trends in a time series, i.e. increasing or decreasing tendency in the time evolution of
the values assumed by the variable, are generally assessed by linear regression where
time is the independent variable and the studied meteorological quantity is the depen-
dent variable. However, the outcomes of the ordinary least squared method could be
strongly affected by the presence of outliers masking the actual correlation between the
variables while the efficiency of the test could be strongly limited by the heteroskedas-
ticity of data, i.e. different variances for different subpopulations (Wilcox, 2010). In
order to overcome these limitations, the Theil-Sen non-parametric estimator was pro-
posed (Theil, 1950; Sen, 1968), which computes the median of the slopes obtained from
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all the pairs of sample points without requiring any assumption about data distri-
bution. This approach allows to deal better with outliers and asimmetry of data in
comparison with the simple linear regression. A confidence interval for the slope of
Theil-Sen regression can be computed as the interval containing a certain fraction of
the slopes obtained from all the data pairs.
In order to evaluate the statistical significance of the trends obtained for a given time
series several methods have been proposed. One of the most applied methods is the
Mann-Kendall test, which is a non-parametric test requiring no assumption about the
probability distribution of the variable of interest (Kendall, 1970). The null condition
(H0) assumes that no trend exists and data are independent and randomly distributed.
Each element of the ordered time series T is compared with all the following ones to
compute the Mann-Kendall statistics S:
S =
N−1
∑
i=1
N
∑
j=i+1
sgn(Tj − Ti) (1.18)
where sgn() is the sign function and N is the number of entries of the series. By the
null condition H0 and for N > 10 it is possible to verify that S assumes a Gaussian
distribution with null average and variance:
σ2 =
N(N − 1)(2N + 5)
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(1.19)
The normalised statistics in Mann-Kendall test is then computed as follows:
Z =

S−1
σ S > 0
0 S = 0
S+1
σ S < 0
(1.20)
which is asimptotically distributed as a normal standard distribution. The relevance
of trend can be assessed by setting a certain significance level. If H0 is considered
valid, the probability to obtain a value of S different from zero at least as much as the
computed one is:
α = 1− 1√
2pi
·
∫ Z
−Z
e−
t2
2 dt (1.21)
The significance level is the value of α below which H0 is rejected. A common choice
for α is 0.05 corresponding to about 2σ.
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1.7 State of the art and aims of the PhD project
My PhD activities were undertaken within the research group composed by the De-
partment of Environmental Science and Policy of Università degli Studi di Milano and
the Institute of Atmospheric Sciences and Climate of the National Research Council
(ISAC-CNR). The group focuses on the reconstruction of the Italian climate and on the
study of its variability by recovering the available long series of Italian meteorological
data, in particular temperature, precipitation and solar radiation, and by implement-
ing new interpolation schemes and analysis procedures.
Italy is characterised by an exceptional availability of long meteorological series. Reg-
ular meteorological observations started during the 18th century in Bologna, Padua,
Milan, Turin and Palermo. A relevant contribution to the systematic collection of mete-
orological data was provided since 1913 by the National Hydrographic Service, which
managed more than 4000 stations after the I World War. This relevant heritage of ob-
servations is today available but it has been only partially transferred to a digitised
form which could be used as input in computer analyses. Moreover, after 1980 the Hy-
drographic Service was closed so that its competences were transferred to the regional
services together with the historical records in hardcopy archives. The regionalisa-
tion of the national network together with the concurrent transition from mechanical
to automatic stations caused the fragmentation of data sources and discontinuities in
observation series due to dismission or relocation of a relevant number of monitoring
sites. The recovering activities of the research group led to gather most of the secular
Italian meteorological series with the digitisation of data from hardcopy archives for
the past together with station metadata and to merge the new automatic records for the
most recent decades in order to overcome the discontinuities in data coverage charac-
terising the last decades of the 20th century. One of the results of these activities was
the set up of a dense database of temperature series covering Italy and neighbouring
countries which was used to reconstruct the national monthly temperature climatolo-
gies for the period 1961-1990, which corresponds to the 30-year interval of best data
availability for Italy (Brunetti et al., 2014).
In this framework, my PhD project aims at improving the study of precipitation in
Italy with the set up of a dense database of precipitation series for the country and the
implementation of new methodologies to analyse both the climatological distribution
and the long-term variability of this meteorological variable also in relationship with
other hydrological quantities, especially catchement runoff. In particular, the work
was focused on the construction of a national precipitation climatology of reference for
Italy and on the evaluation of the precipitation behaviour over mountainous regions
where the analyses are generally affected by a relevant reduction of available in-situ
observations and by the possible underestimations of solid precipitation collected dur-
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ing the winter season by rain-gauges at the highest elevations (Sevruk et al., 2009).
At these aims, a national database of monthly precipitation records was constructed to
be used for the climatology reconstruction by exploiting a relevant number of Italian
data sources, while a database covering the Northern Italy and including the longest
available records was set up in order to investigate the long-term evolution of the cli-
mate signal over specific Alpine areas.
The largest part of the precipitation records used to set up the two databases was re-
trieved from the former Hydrographic Service and from ISPRA (Istituto Superiore per
la Protezione e la Ricerca Ambientale). In addition, some of the most ancient data were
digitised from the available hardcopy yearbooks of Hydrographic Service and partly
retrieved from previous digitisation projects. The Italian regional and subregional ser-
vices which are currently in charge of the management of the regional meteorological
networks are the data providers of the most recent records, especially of those collected
by the new automatic stations. In some cases, the merging between the automatic and
mechanical records was evaluated by an accurate analysis of metadata and potential
breaks in the series in order to extend their temporal coverage to present.
All the series were subjected to quality-check procedures and the longest series enter-
ing in trend analyses were controlled for homogeneity.
From the quality-checked national database the 1961-1990 monthly precipitation nor-
mals for all the available station sites were computed and entered into the interpolation
procedures to provide the high-resolution climatologies for Italy. The obtained grid-
ded dataset is useful to investigate the spatial distribution of precipitation over Italy,
to highlight the main Italian climatic zones and to validate numerical model output,
radar measurements or the results of hydrological models.
The Northern Italian database was used to investigate the long-term trend of precip-
itation over specific mountainous areas after projecting the station series onto a high-
resolution grid by means of the anomaly-based approach and by computing the corre-
sponding regional averaged series. This approach was found to be particularly useful
to reconstruct the spatio-temporal precipitation fields of mountainous areas and to deal
with the low data coverage affecting the remote regions.
In order to evaluate the most suitable approaches to provide reliable climatological
fields for regions affected by sparse station networks, a six-month period of my PhD
course was spent by the Norwegian Meteorological Institute of Oslo (Norway). The
Norwegian meteorological network is in fact characterised by a relevant reduction
of in-situ observations over high-elevated areas and in the northernmost part of the
country, preventing from getting accurate climatological estimates over the whole ter-
ritory by means of conventional interpolation schemes. The combination of numer-
ical model outputs with observations allowed to provide a reference high-resolution
dataset of Norwegian monthly precipitation climatologies which is available for hy-
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drological comparisons as well as to provide information about the distribution of wa-
ter disposals, which is particularly crucial for the hydropower production sector of the
country.
1.8 PhD thesis organisation
The thesis is organised as a collection of published or submitted papers describing in
detail the scientific contributions of my PhD research activities. Each chapter focuses
on a specific issue and it is composed by one or more published or submitted arti-
cles presenting the problem and the obtained results. More specifically, the thesis is
structured as follows:
• Chapter 2: The 1961-1990 high-resolution monthly precipitation climatologies
over Italy are presented. The observation database and the interpolation methods
used to project the station normals onto a 30-arc second resolution grid are fully
described. In particular two reference versions of the Italian climatologies are ob-
tained by means of two different interpolation schemes: a Local Weighted Linear
Regression of precipitation versus elevation and a Local Regression Kriging. The
accuracy of the methods is discussed and an inter-comparison with other widely
used approaches is performed. The article is published in open-access version
on the International Journal of Climatology (Crespi et al., 2018) and the dataset of
gridded monthly climatologies is freely available at
http://www.isac.cnr.it/climstor/CLIMATE_DATA/.
• Chapter 3: The reconstruction of a gridded dataset of monthly precipitation nor-
mals and of 1913-2015 monthly precipitation records over a high-mountain area
centred on the Forni Valley (Central Italian Alps) is described. The ability to pro-
vide high-resolution information over an orographically complex region starting
from a sparse rain-gauge network is discussed. In particular, the model estimates
over the Forni Glacier are compared with the in-situ observations available from
the Automatic Weather Station (AWS) operating on the glacier tongue and not
used as input in the interpolation procedure. The gridded dataset is also used
to provide the 1913-2015 areal precipitation series of the study region which is
investigated for variability and trends. This application aims at providing a suit-
able methodology to study the climate evolution over vulnerable high-mountain
regions where direct in-situ observations are often sparse and mainly located at
the lowest elevations. The presented work is published in open-access version
on Advances in Meteorology (Golzio et al., 2018).
• Chapter 4: The high-resolution dataset of secular monthly precipitation records
for the upper part of Adda river basin (Central Italian Alps) is presented. The
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dataset is obtained by applying an anomaly-based approach to a dense and ho-
mogenised archive of monthly precipitation series covering Northern Italy and
spanning more than two centuries. The dataset is used to retrieve the 1800-2016
monthly areal precipitation series over the basin whose temporal evolution is
investigated by trend analysis. The influence on the reconstruction accuracy of
the variation in data coverage occurred over the study period is estensively dis-
cussed and the evolution of the basin precipitation series is then compared with
that of the corresponding 1845-2016 series of monthly runoff in order to detect
possible changes in the hydrological cycle. The dataset is also useful to recon-
struct and analyse the spatial structure of past intense precipitation events oc-
curred over the region and some case-studies are reported. The results of this
activity are published in open-access version on Advances in Science and Research
(Crespi et al., 2018) and submitted to Water Resources Research (Crespi et al., 2019).
• Chapter 5: The spatio-temporal reconstruction of monthly precipitation over the
period 1922-2011 for Sardinia (Italy) is presented. The work aims at evaluat-
ing the long-term evolution and possible trends of average precipitation regime
over one of the main Mediterranean islands. A database including more than
350 quality-checked and homogenised monthly precipitation records spanning
more than one century was set up by recovering the most ancient data from non-
digitised yearbooks and the recent observations from the automatic meteorolog-
ical network. The 1961-1990 monthly precipitation climatologies are computed
and the anomaly method is applied to project the 1922-2011 station records onto
the 30-arc second resolution grid. The average annual and seasonal total precip-
itation series for Sardinia are presented and long-term trends are investigated.
Further analyses are planned in the next future and the work will be object of a
forthcoming paper.
• Chapter 6: The 1981-2010 monthly precipitation climatologies over Norway at
1 km resolution are described. The climatologies are obtained by a combined
interpolation approach joining in-situ observations with the precipitation fields
provided by the climate model version of HARMONIE NWP model, which was
run over the country at 2.5 km resolution. The improvements in reconstruction
accuracy in respect with conventional interpolation schemes are discussed. The
application aims at providing a methodology to improve the climatological stud-
ies over countries covered by uneven meteorological station networks. The pre-
sented work has been submitted to International Journal of Climatology (Crespi et
al., 2019).
All the presented works are the results of my original research and I contributed as
first author in all the published and submitted articles, except for the study discussed
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in chapter 3 which was managed in collaboration with another PhD student and in
which I contributed with the data interpolation and trend analysis.
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Chapter 2
1961-1990 Italian monthly precipitation
climatologies
In this chapter the reconstruction of the Italian monthly precipitation climatologies
for the reference period 1961-1990 is presented. More than 5000 series of monthly
precipitation covering the whole national territory and surrounding countries were
retrieved, together with their metadata, and all the series were checked for quality. The
1961-1990 monthly station normals were interpolated onto a smoothed version of a
30-arc second resolution Digital Elevation Model by means of a Local Weighted Linear
Regression and a Local Regression Kriging modelling the link between precipitation
and orography. The local approaches considering elevation as the main precipitation
predictor were proved to deal better than other tested methods with the complex
spatial precipitation gradients occurring on the rough Italian surface.
The obtained climatologies allowed to identify the locations of Italian precipitation
extremes and to characterise the main climatic zones.
The resulting dataset represents an improved version in both resolution and accu-
racy of previous national precipitation climatologies available in digital form and
it takes advantage of a very dense observation database evenly covering the whole
country. The gridded monthly dataset is now available at the web-site of ISAC-CNR
(http://www.isac.cnr.it/climstor/CLIMATE_DATA/). The chapter is based on the
peer-reviewed article published on International Journal of Climatology:
Crespi, A., Brunetti, M., Lentini, G., and Maugeri, M. (2018). 1961-1990 high-resolution
monthly precipitation climatologies for Italy. International Journal of Climatology, 38,
878–895. doi:10.1002/joc.5217
The study was also presented during two international scientific conferences and it
was published on a national review in Italian language in order to disseminate the
contribution of the research on Italian climate to a larger public:
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and Predictability (Medclivar) conference 2016, Athens (Greece), ID: 2016/2-027.
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metriche e pluviometriche per l’Italia. Nimbus, vol. 78, pp.5.
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ABSTRACT: High-resolution monthly precipitation climatologies for Italy are presented. They are based on 1961–1990
precipitation normals obtained from a quality-controlled dataset of 6134 stations covering the Italian territory and part of
the Northern neighbouring regions. The climatologies are computed by means of two interpolation methods modelling the
precipitation-elevation relationship at a local level, more precisely a local weighted linear regression (LWLR) and a local
regression kriging (RK) are performed. For both methods, local optimisations are also applied in order to improve model
performance. Model results are compared with those provided by two other widely used interpolation methods which do not
consider elevation in modelling precipitation distribution: ordinary kriging and inverse distance weighting. Even though all the
four models produce quite reasonable results, LWLR and RK show the best agreement with the observed station normals and
leave-one-out-estimated mean absolute errors ranging from 5.1mm (July) to 11mm (November) for both models. Their better
performances are even clearer when specific clusters of stations (e.g. high-elevation sites) are considered. Even though LWLR
and RK provide very similar results both at station and at grid point level, they show some peculiar features. In particular,
LWLR is found to have a better extrapolation ability at high-elevation sites when data density is high enough, while RK is more
robust in performing extrapolation over areas with complex orography and scarce data coverage, where LWLR may provide
unrealistic precipitation values. However, by means of prediction intervals, LWLR provides a more straightforward approach
to quantify the model uncertainty at any point of the study domain, which helps to identify the areas mainly affected by model
instability. LWLR and RK high-resolution climatologies exhibit a very heterogeneous and seasonal-dependent precipitation
distribution throughout the domain and allow to identify the main climatic zones of Italy.
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1. Introduction
High-resolution precipitation climatologies are becoming
increasingly important as the small-scale spatial distri-
bution of normal precipitation is often needed now for
both models and other decision-support tools applied to
a wide range of fields, such as agriculture, engineering,
hydrology, energy management and natural resource
conservation (Daly et al., 2002; Daly, 2006). High-density
observational datasets must be integrated by interpo-
lation methods to consider all major factors affecting
spatial precipitation patterns and to provide reasonable
estimates even for areas with complex topography or for
remote regions, such as mountain areas, with poor station
coverage (Daly et al., 2008).
While 30-arc-second-resolution temperature climatolo-
gies for Italy have been recently provided by Brunetti et al.
(2014), at present monthly precipitation climatologies are
not available with such resolution for Italy as a whole.
*Correspondence to: M. Maugeri, Department of Physics, Università
degli Studi di Milano, via Celoria 16, 20133 Milan, Italy. E-mail:
maurizio.maugeri@unimi.it
This is likely due to the difficulty in gathering and check-
ing very large amounts of observational data and in cop-
ing with the great spatial variability of precipitation due
to the complex orography of Italy. Very few climatolog-
ical maps are available at a national scale and they are
mostly in a non-digitized form, such as the hand-drawn
precipitation maps for 1921–1950 produced by the Ital-
ian Hydrographical Service (Servizio Idrografico (SI),
1957). More recently, ISPRA (Istituto Superiore per la
Protezione e la Ricerca Ambientale) provided monthly
5 km × 5 km precipitation climatologies for 1951–1980
(ISPRA, 2014) and CREA-CMA (Research unit for Cli-
matology and Meteorology applied to Agriculture) pub-
lished national monthly climatologies for 1961–1990,
1971–2000 and 1981–2010 (Esposito et al., 2015). How-
ever, in both cases, the rather low density of stations
was not suitable to completely account for the complex-
ity of the Italian physiography. On the contrary, remark-
able results have been achieved for smaller Italian areas,
and several works focusing on both spatial distribution and
temporal behaviour of precipitation have been produced.
In particular, because of its key role as a water reservoir
for a wide trans-national area, the Alpine region has been
© 2017 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd on behalf of the Royal Meteorological Society.
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extensively investigated in numerous climatological stud-
ies often encompassing parts of Northern and Central Italy
(see e.g. Frei and Schär, 1998; Schwarb, 2000; Brunetti
et al., 2012; Isotta et al., 2014).Moreover, the cartographic
maps produced byCati (1981) are still a reference study for
the Po basin climatology, while Brunetti et al. (2009) pro-
vided 1961–1990 high-resolution monthly precipitation
climatologies for Northern and Central Italy. In addition,
several works concern regional or sub-regional domains,
such as Biancotti et al. (1998) for Piedmont, Antolini et al.
(2016) for Emilia-Romagna, Drago (2005) and Di Piazza
et al. (2011) for Sicily and Secci et al. (2010) for Sardinia.
A large variety of interpolation techniques have been
developed to work with spatially distributed data. Among
the most used techniques in climatological studies we
can mention inverse distance weighting (IDW), splin-
ing, polynomial regression, kriging (and its variants) and
the parameter elevation regression on independent slopes
model (PRISM). The performances of these techniques
in gridding precipitation data are compared and dis-
cussed in several literature works showing that the appli-
cation of interpolation methods taking into account the
relationship between precipitation and topography, espe-
cially elevation, improves significantly the spatial predic-
tion of rainfall (see e.g. Martinez-Cob, 1996; Goovaerts,
2000; Vicente-Serrano et al., 2003; Diodato and Cecca-
relli, 2005; Masson and Frei, 2014). In particular, PRISM
is found to be one of the most suitable approaches to pro-
duce high-resolution climatologies in areas with complex
orography (Schwarb, 2000; Daly, 2006). More details on
PRISM can be found in Daly et al. (1994, 2002, 2008),
Daly (2006) and on the official website of the PRISM
group (http://www.prism.oregonstate.edu).
Within this context, the present work presents
30-arc-second-resolution precipitation climatologies
for Italy based on 1961–1990 monthly normals from
a quality-controlled dataset of more than 6000 stations
covering the whole of Italy and part of the neighbouring
countries. The climatologies are computed on the grid
points of the USGS GTOPO30 digital elevation model
(DEM) by means of two approaches, both capturing the
precipitation-elevation relationship at a local scale: a local
weighted linear regression (LWLR) of precipitation versus
elevation and a local regression kriging (RK). The main
assumptions of these methods are that spatial pattern of
precipitation is closely linked to physiographical features
of the Earth’s surface and that this link is best captured
considering small areas (Basist et al., 1994; Daly et al.,
2002, 2008; Daly, 2006). These approaches lead us to
an evaluation of climatological normals for a number of
points several orders of magnitude larger than presently
available series.
In this work, the features of the techniques used are
extensively investigated and, in order to assess the impor-
tance of elevation in gridding precipitation normals, their
performance is compared with those provided by two
interpolation approaches – ordinary kriging (OK) and
IDW – which do not model the precipitation-elevation
relationship.
2. Data
The dataset used to produce the 1961–1990 precipita-
tion climatologies is the result of more than 10 years of
activities carried out at the Institute of Atmospheric Sci-
ences and Climate of the Italian National Research Council
(ISAC-CNR) and at the Department of Physics at Milan
University to obtain the largest possible amount of pre-
cipitation records and metadata for Italy and the surround-
ing areas. It represents an extended and enhanced version
of datasets presented in previous works (Spinoni, 2010;
Brunetti et al., 2012) and it is in continuous progress.
Information on data sources considered for the present
work and the number of available series is listed in Table 1.
Most series derive from the rain gauge network of the
former SI. After its closure at the end of the 20th century,
its personnel and duties were transferred to the individual
Italian Regions which continued to manage the station
network directly or assigned its management to external
agencies; in a few cases, the network was abandoned
because a regional one had already been set up and no
resources were available to maintain both. The attribution
of the SI competences to the regions generally brought
new resources for the station network and data rescue
activities, though at the cost of a greater difficulty in
collecting data covering the entire national territory as
indicated by the high number of data providers listed in
Table 1. Moreover, the decline of the SI together with the
transition from mechanical to automatic station networks
lead to an inhomogeneous data availability for Italy after
the 1980s. Therefore, our choice of 1961–1990 period as
the reference for the climatologies has been suggested by
the peculiar situation of the Italian precipitation network.
Actually, some activities, such as the organization of a
national data archive, continued to be performed also at
national level, firstly by APAT (Agenzia per la Protezione
dell’Ambiente e i Servizi Tecnici) and then by ISPRA. In
particular, the data digitisation of the archive of the SI has
been performed both at the national scale and by some of
the regional services in charge of the station network man-
agement. Moreover, the availability of digital data from
this archive has increased over the last few years, also
thanks to contributions from many digitisation projects
carried out by several research institutions; therefore, we
had to deal with a wide number of sources based mainly
on the same data networks. However, duplicate series can
provide different and often complementary information
because data and metadata availability can vary signifi-
cantly depending on the considered sources. In addition,
digitisation can derive from different non-digital supports,
such as yearbooks published by the former SI (http://www
.acq.isprambiente.it/annalipdf/), data forms filled out by
station observers and strip charts of recording rain gauges.
Therefore, collected data were first checked to iden-
tify and merge series retrieved in more than one source.
In the case of overlapping time intervals, we gave prior-
ity to the most reliable series based on number of gaps,
temporal coverage of data source, availability of daily
data and, in some cases, expert judgement of authors.
© 2017 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. (2017)
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Table 1. Sources of precipitation series.
Data source Number of series and other information
ISPRA (Istituto Superiore per la
Protezione e la Ricerca Ambientale)
4951 monthly series covering the entire Italian territory. A total of 1527 of them are
available also at daily resolution. This dataset is composed both of series that have been
digitized at ISPRA and by series that have been digitized by Italian local services and sent
to ISPRA. We received the dataset directly from ISPRA, together with corresponding
metadata. The ISPRA dataset is also available on-line (see http://www.scia.isprambiente.it/
home_new_eng.asp).
CNR-ISAC (Italian National Research
Council-Institute of Atmospheric
Sciences and Climate) – Milan
University, Department of Physics
187 monthly series covering the entire Italian territory. A total of 108 of them are available
also at daily resolution. Most of these series have been used to study the long-term
evolution of precipitation over Italy (Brunetti et al., 2004, 2006a). This dataset is managed
by the authors of this paper.
HISTALP – Historical Instrumental
Climatological Surface Time Series
of the Greater Alpine Region
137 monthly series covering the Greater Alpine Region. HISTALP (http://www.zamg.ac
.at/histalp/) data have been used to study the long-term evolution of precipitation over this
area (Brunetti et al., 2006b).
RICLIC Project 84 daily series covering the Adda river catchment. For more information see the RICLIC
Project web site (http://www.riclic.unimib.it/). We received the data from Milano-Bicocca
University (2007).
Nuovo studio dell’idrologia
superficiale della Sardegna
415 monthly Sardinian series set up in a monographic study performed by the Ente
Autonomo del Flumendosa for the Sardinia regional administration (http://pcserver.unica
.it/web/sechi/main/Corsi/Didattica/IDROLOGIA/DatiSISS/index.htm).
Italian Air Force 104 daily series covering the entire Italian territory. They concern synoptic stations (refer
to http://clima.meteoam.it/istruzioni.php for data access). We received the data in the frame
of an agreement between Italian Air Force and the Italian National Research Council.
CREA – CMA (The Agricultural
Research Council – Research unit for
Climatology and Meteorology applied
to Agriculture)
249 daily series covering the entire Italian territory. The CREA-CMA dataset is composed
both by the digitisation of the archive of the former Italian Central Office for Meteorology
and by more recent data acquired by CREA-CMA in real-time. The data are partially
available at http://cma.entecra.it/homePage.htm. The other data have to be requested at
CREA-CMA. We received the data in the frame of the CLIMAGRI Project (2001).
Italian local meteorologi-
cal/hydrological/environmental
services
73 daily series from the Ufficio Idrografico of the Provincia Autonoma of Bolzano (http://
www.provincia.bz.it/meteo/dati-storici.asp).
146 daily series of the Provincia di Trento from Meteotrentino (http://www.meteotrentino
.it/dati-meteo/info-dati.aspx?id=3).
122 daily series covering the Reno river catchment from the ‘Autorità di Bacino del Reno’
(http://ambiente.regione.emilia-romagna.it/suolo-bacino/sezioni/strumenti-e-dati/pioggia/
dati-pioggia).
845 Tuscany daily series from the former ‘Servizio Idrografico e Mareografico – Ufficio di
Pisa’ (refer to http://www.sir.toscana.it/annali-idrologici for data access).
106 daily stations from ARPA Piemonte (https://www.arpa.piemonte.gov.it/rischinaturali/
accesso-ai-dati/annali_meteoidrologici/annali-meteo-idro/banca-dati-meteorologica.html)
109 daily series received from ‘Regione Autonoma Valle d’Aosta Centro Funzionale
Regionale’ (2014) in the frame of the Project of National Interest NextData.
146 daily series from ENEL, the former Italian National electricity board. They mainly
concern dams in the Alps and in the Apennines. We received the data in the frame of the
Project CARIPANDA (2008), funded by Fondazione CARIPLO.
539 Sicily monthly stations. A total of 307 of them are available also at daily resolution
(refer to http://pti.regione.sicilia.it/portal/page/portal/PIR_PORTALE/PIR_
LaStrutturaRegionale/PIR_AssEnergia/PIR_Dipartimentodellacquaedeirifiuti/PIR_
Organigramma/PIR_SERVIZIO2OSSERVATORIODELLEACQUE for data access).
443 Calabria and Basilicata daily stations from the former ‘Servizio Idrografico e
Mareografico – Ufficio di Catanzaro’ (refer to http://www.cfd.calabria.it/index.php/dati-
stazioni/dati-storici for data access).
171 daily stations from ARPA Veneto. We received the data (2012) in the frame of the EU
FP7 ECLISE Project (refer to http://www.arpa.veneto.it/ for data access).
126 monthly stations from Puglia regional administration
(http://www.regione.puglia.it/index.php?page=documenti&opz=getdoc&id=165).
63 Campania monthly stations from the former ‘Servizio Idrografico e
Mareografico – Ufficio di Napoli’ (refer to http://www.sito.regione.campania.it/
agricoltura/meteo/agrometeo.htm for data access).
Slovenian Environment Agency 40 monthly Slovenian series (http://www.arso.gov.si/en/).
MeteoSwiss 173 Swiss daily series (https://gate.meteoswiss.ch/idaweb/).
European Climate Assessment &
Dataset project
167 daily series (eca.knmi.nl/). They mainly refer to Emilia-Romagna.
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The identification of duplicates was not straightforward,
as station location is generally reported in metadata with
just a 1′ resolution (i.e. 1–2 km) and station name may
vary from one source to another. Moreover, duplicate
series could have temporal lags (measures concerning a
24-h period, for example 0800 GMT – 0800 GMT, may
have been assigned to the first or to the second day), or
data with different rounding and/or incoherent entries for
some sub-intervals of the common period. It was there-
fore necessary to check a number of cases individually to
decide whether two series could be merged or not. After
this procedure, the complete dataset included about 6000
monthly series, all associated to their corresponding meta-
data. Series with less than 10 years of available data were
then discarded and the remaining 5119 were subjected to
further quality controls. To this purpose, we estimated the
monthly precipitation series at each station site by means
of the series of the neighbouring stations and compared the
estimated values with the measured ones (Brunetti et al.,
2009, 2012). The first step of the estimation procedure
consists in identifying, for each monthly datum of each
station (test station), the ten closest stations (reference sta-
tions) with a non-missing value in correspondence with the
entry under consideration and with a sufficient number of
data for that month in common with the test series. The
threshold for the number of common data is set to 15 if the
test series has more than 15 years of records, whereas it is
reduced (down to 9 years) in case of lower data availability.
In order to consider the same subset for all the reconstruc-
tions, the reference stations are selected in any case among
the series withmore than 15 years of data. After identifying
the reference series, the test series monthly datum under
consideration (ptestm) is estimated from the corresponding
datum of each of the ten reference series (prifm,i) with the
following relation:
p̃testm,i = prifm,i ·
ptestm
prifm,i
(i = 1, … ., 10) (1)
where ptestm and prifm,i are the test’s and reference series’
averages in the considered month over their period of
common data availability. The best estimation of ptestm is
finally obtained considering the median of the ten esti-
mated values p̃testm,i. This estimation procedure is based
on the well-known anomaly method, and the only peculiar
feature is that the period to calculate the normals is selected
for eachmonth and for each pair of test and reference series
on the basis of their common data availability.
The comparisons between observed and estimated series
highlighted the sites showing the lowest agreement with
the neighbouring stations in terms of mean absolute error
(MAE) and root mean square error (RMSE), both in abso-
lute and relative terms. High errors could be due to spa-
tial distance or strong elevation differences with respect to
the surrounding stations, but also to actual erroneous data,
such as outliers caused by digitisation oversights, inho-
mogeneities and unreliable sequences of null values. The
stations exhibiting high errors also after correcting these
spurious values were ultimately excluded from the analy-
sis unless the errors could be ascribed purely to the remote
location of the stations. A further control concerned the
detection of wrong coordinates. To this aim, the correla-
tion coefficients for all station pairs were computed and
compared to verify, for each site, if the highest correlation
values were associatedwith the closest stations. Correcting
location coordinates is indispensable, as location mistakes
may induce significant errors in the evaluation of the oro-
graphic features of the site and, consequently, in the esti-
mation of the precipitation-elevation dependence which is
the primary assumption of our study.
After quality checks, the dataset was reduced to 4751 sta-
tions. For each site, we computed the 1961–1990 monthly
precipitation normals and, whenever the 1961–1990
period was completely or partially unavailable, missing
data were reconstructed by the same procedure described
for the quality-check and based on the neighbouring
stations, but considering only five reference stations
and taking the weighted mean of p̃testm,i after discarding
the maximum and minimum ones. The goal here was
to improve the accuracy of the reconstruction, without
reducing too much robustness. Since a significant fraction
of the series (49%) have more than 20% of missing years
in the 1961–1990 period, we assessed the reliability of
the gap-filling procedure and, in particular, its suitability
to handle series with a relevant amount of missing val-
ues. To do this, we selected the series with at least 80%
(24 years) of valid records in 1961–1990 for each month,
and then we discarded, from one station at a time, a certain
number of randomly selected entries to obtain a series of
10 years only of available records in 1961–1990. We next
evaluated its monthly normal after filling in gaps. This
procedure was repeated 100 times for each series and the
mean and standard deviation of the reconstructed normals
were computed to check the accuracy and the stability of
the filling method. As expected, the mean values turned
out to be in good agreement with the observed values
(mean errors close to zero) and the standard deviations
ranged from 2.8mm in July to 3.9mm in October. The
monthly mean of the ratios between the standard devia-
tions and the corresponding model RMSEs (see paragraph
4.1 for discussion of model errors) was under 30% for
both LWLR and RK, indicating that the normals based
on only 10 years of data in 1961–1990 have a rather low
gap-filling error as compared to other errors that may
affect our precipitation climatologies.
After the control procedures, the calculated normals
were integrated with the 1961–1990 precipitation nor-
mals of several Austrian, Swiss and French sites avail-
able at ZAMG (Zentral Anstalt für Meteorologie und Geo-
dynamik), MeteoSwiss and MétéoFrance, respectively,
resulting in a total of 6134 available stations.
The domain chosen to compute the 1961–1990 precipi-
tation climatologies corresponds to the area within Italy’s
administrative boundaries and includes the trans-national
portions of the Po basin (mainly located in the Swiss
territory and, to a lesser extent, in France), considering
the remarkable role of the Po river (with 74 000 km2 of
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Figure 1. Study domain (light and dark grey bounded areas) and spatial
distribution of the 6134 stations in the final version of the dataset.
The dark grey portion corresponds to the Po basin and the black dots
represent the 4525 stations included within the study domain. The sites
outside this area (grey dots) were considered only in order to have a
homogeneous station distribution also around the points at the boundaries
of the domain.
drainage area) as the major water resource for agricul-
ture and other economic activities in Northern Italy. The
stations outside this area were considered to have a homo-
geneous station distribution also at the points close to the
boundaries. The spatial distribution of the stations is shown
in Figure 1 together with the study domain. A total of 4525
stations out of 6134 are located within the study area. The
average spatial density is slightly less than one station per
70 km2, with the greatest coverage between Liguria and
Tuscany.
Figure 2 shows the vertical distribution of the stations
compared to that of the DEM grid cells in the study
domain. Except for a lower coverage concerning areas
below 400m, the station distribution is fairly homoge-
neous up to 2500m. The mean station-to-grid-cell ratio is
about 0.015 (see inset box in Figure 2), even though this
ratio varies significantly over Italy, ranging from 0.003 to
0.026 for 1∘ sub-regions centred over the Italian grid points
in Figure 3. At greater altitudes, data availability turns out
to be scarce but, since the fraction of grid cells is also very
low (<1% of the total), problems concerning rainfall esti-
mation over these areas can be considered quite limited.
3. Methods
Precipitation climatologies presented in this paper are
computed for grid cells of the 30-arc-second-resolution
(∼800m) GTOPO30 DEM (USGS, 1996). However, as
direct effects of elevation on precipitation appear to be
most important at larger scales (see e.g. Daly et al.,
2008), both for LWLR and RK a Gaussian filter was
applied to filter out terrain features, while retaining the
30-arc-second-resolution. The smoothing of the DEMwas
performed by assigning to each cell an elevation obtained
as a weighted average of the elevations of the surround-
ing cells, with weights provided by a Gaussian function
decreasing to 0.5 at a distance of S km from the cell itself,
where S defines the degree of smoothing. Different val-
ues of S (S= 1, ..., 5) were tested assigning to each station
all orographic parameters (including elevation) extracted
from the smoothed DEMs and evaluating which degree of
smoothing produces the lowest model error for LWLR and
RK (see below for more details on model errors). Both for
LWLR and RK, S= 3 turned out to give the best agreement
between the model estimations and the station normals.
Climatologies are therefore computed on this smoothed
version of the GTOPO30 DEM (3smDEM, see Figure 3),
which is also used to assign to the stations the orographic
parameters required by LWLR and RK.
3.1. Local weighted linear regression
The LWLR 1961–1990 monthly precipitation climatolo-
gies are constructed by means of a PRISM-based pro-
cedure which estimates the local precipitation-elevation
relationship at all grid cells of the domain, taking into
account the topographic similarities between the stations
and the grid cell itself. More precisely, precipitation
normals at each cell (x, y) of the DEM are computed
estimating a local weighted linear precipitation-elevation
regression (LWLR) and assigning to the grid cell the value
corresponding to its elevation by means of the following
expression:
p (x, y) = a (x, y) + b (x, y) · h (x, y) (2)
where h(x, y) is the grid-cell elevation and a(x, y) and
b(x, y) are the coefficients of the weighted linear regression
of precipitation versus elevation. In this procedure, the
definition of the regression weights is crucial. In our case,
the weights of the stations selected for the evaluation of
the regression coefficients at each grid cell are computed
on the basis of the distances and the level of similarity (in
terms of orographic features) between the stations and the
grid cell itself. Thus, the weight of the ith station involved
in the linear regression for the grid cell (x,y) is the product
of several weighting factors:
wi (x, y) = wradi (x, y) · w
h
i (x, y) · w
st
i
(x, y) · wfaceti (x, y) · w
dsea
i (x, y) (3)
All the weighting factors [radial distance (rad), vertical
distance (h), slope steepness (st), slope orientation (facet)
and distance from the sea (dsea)] range from 0 to 1 and are
based on Gaussian functions of the form:
wpari (x, y) = e
−
(
(Δpari (x,y))2
cpar
)
(4)
where par is the geographical parameter that is being
considered,Δpari is the difference between the values of the
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Figure 2. Vertical distribution of the 6134 stations (solid line) compared to the grid-cell elevation distribution (dashed line) in the domain for which
we calculated the climatologies. The inset box shows the vertical distribution of the stations to grid-cells ratio. [Colour figure can be viewed at
wileyonlinelibrary.com].
Figure 3. The 3smDEM and (superimposed) the 1∘ x 1∘ resolution grid
used to locally optimize the decreasing coefficients of weighting factors.
considered parameter at the station i and at the grid cell
(x, y), and cpar is the coefficient that regulates the weight
decrease. For an easier interpretation of the weighting
factors, the coefficient cpar can also be expressed in terms
of the weighting halving distance value Δpar1
2
:
cpar =
(
Δpar1
2
)2
ln 2
(5)
The LWLR method includes an algorithm which selects
the 15 stations with the highest weights to be considered in
the estimation of the regression coefficients. If fewer than
five stations are found within a distance of 200 km from
the grid point, the grid-cell precipitation is not evaluated.
Moreover, the coefficients regulating the decrease of the
weighting factors in Equation (5) are locally optimized for
each month by an iterative method. In fact, considering
the orographic complexity of the domain, the influence of
geographical features may not be the same for the whole
area and may vary during the year. Therefore, at each
point of a 1∘ × 1∘ resolution grid covering the whole
study area (black dots in Figure 3), the normals of the
stations in the range of 200 km were recursively computed
to search for the optimal Δpar1
2
values minimizing the error
estimators. Due to computational time constraints, the
optimized coefficients are first calculated on a 1∘ × 1∘
resolution grid. The optimized values are then interpolated
on the high-resolution grid by IDW and used in the LWLR
interpolation procedure described above to produce the
climatologies.
Finally, with the LWLR scheme we can define a predic-
tion interval for each grid-cell estimation. As explained in
Daly et al. (2008), the procedure consists of estimating the
variance of the precipitation values of a grid point at ele-
vation hnew as:
s2
{
phnew
}
= s2
{
p̃hnew
}
+MSE (6)
where s2
{
p̃hnew
}
is the variance in the possible location of
the expected precipitation for a given elevation and MSE
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is the mean square error of the observed station precipita-
tion values compared to those obtained by the regression
model. s2
{
p̃hnew
}
depends on the regression coefficients’
errors, while MSE represents the fraction of the variability
of the station precipitation normals which is not described
by the precipitation versus elevation regression on which
LWLR is based. Equation (6) can be written by expressing
s2
{
p̃hnew
}
in terms ofMSE, station weights (wi) and station
elevations (hi) as follows:
s2
{
phnew
}
= MSE ·
⎧⎪⎨⎪⎩1 +
1∑
wi
+
(
hnew − h
)2
∑(
wihi − h
)2
⎫⎪⎬⎪⎭ (7)
where i ranges over the stations involved in the regression
and h is their weighted mean elevation.
The prediction interval (with confidence 𝛼) for the grid
point with elevation hnew was then defined as:
phnew ± t 1−𝛼2 ,df · s
{
phnew
}
(8)
where t is the value of a Student distribution with df
degrees of freedom corresponding to a cumulative prob-
ability (1 − 𝛼)/2. In this work, df was set to the number of
stations considered in the linear regression, even though
the choice of the appropriate value for df is not trivial
(Daly et al., 2008). In order to show one standard devia-
tion around the model estimation, we set (1 − 𝛼)= 0.68
and we called these prediction intervals PI68.
3.2. Regression kriging
In RK, a mixed approach is applied, combining a regres-
sion model of precipitation versus some chosen predictors
(e.g. latitude, longitude and elevation) to a kriging-based
geostatistical approach (Goovaerts, 2000). Since elevation
is observed to be the most relevant predictor for precip-
itation data (see e.g. Secci et al., 2010), we applied the
following equation at each grid cell:
p (x, y) = a (x, y) + b (x, y) · h (x, y) (9)
where the coefficients a(x, y) and b(x, y) are estimated,
for each grid cell, by the least-square method from the
precipitation and elevation data at sample sites considering
all the stations within a distance R from the considered grid
point.
Then the station residuals from Equation (9) (𝜺) are
interpolated on the grid by means of ordinary kriging (OK)
and the precipitation value at each grid cell is estimated as:
p (x, y) = a (x, y) + b (x, y) · h (x, y) + kT (x, y) · 𝜀 (10)
where k(x, y) is the vector of kriging weights for the grid
cell (x, y).
The exponential model was used to fit the
semi-variogram of station residuals; the bin width was
set to 10 km and all the station pairs within 300 km were
considered. Moreover, an optimisation procedure was set
up aiming at defining month-by-month the radius R of the
area to consider for the precipitation-elevation regression
and the best weights to be applied in the least-square
estimation of the semi-variogram fit (Hengl, 2009). The R
values providing the lowest station errors range from 125
to 200 km.
3.3. Other methods
In order to evaluate the benefit of considering the
precipitation-elevation relationship at the local level, the
LWLR and RK results were compared to those provided
by two widely used interpolation techniques: IDW and
OK. In the IDW approach, rainfall value at an unknown
point is computed as a linear combination of a number of
surrounding observations whose weights decrease with
increasing distance from the point to estimate (Shepard,
1968). In our case, weights are defined by means of a
Gaussian function whose decrease is locally optimized
month-by-month following the same iterative procedure
set up to estimate the best decreasing coefficients of
LWLR weights.
4. Results
4.1. Performances of the interpolation models
LWLR, RK, OK and IDW were evaluated individu-
ally in terms of their ability to reconstruct the monthly
1961–1990 observed precipitation normals at station
sites. More precisely, the monthly normals of the 4525
stations contained in the study domain were estimated
by each model and then compared to the observed val-
ues. The reconstruction was performed in each case by
means of the leave-one-out approach, i.e. by removing the
station whose normals were being estimated, in order to
avoid ‘self-influence’ of the station data to reconstruct.
However, due to the requested computational time, the
leave-one-out reconstruction in kriging-based models
was performed by setting to 0 the kriging weight of
the station to be estimated and by re-normalizing the
remaining station weights, while the covariance matrix
was obtained from the full dataset. The results of the
comparison between estimated and observed values are
listed in Table 2, where the accuracy of each method is
expressed month-by-month in terms of mean error (BIAS,
i.e. the mean difference between estimated and observed
values), MAE and RMSE.
Bias values for LWLR, RK and OK are very low in
all months, suggesting that these methods are not signif-
icantly affected by systematic errors when all the stations
are considered, while IDW produces a small systematic
positive bias indicating a global overestimation of sta-
tion normals. MAE and RMSE averages over all months
are smaller, and almost comparable, for LWLR (8.2 and
12.1mm, respectively) and RK (8.1 and 11.9mm) than for
OK (8.8 and 12.9mm) and IDW (9.1 and 13.3mm). We
also tried to subject the LWLR station residuals to OK in
order to check whether errors could be further diminished.
The semi-variogram (not shown) highlighted a very small
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Table 2. Accuracy of the monthly climatologies obtained from the leave-one-out validation of the four methods for the 4525 stations
in the study domain. All the values are expressed in mm.
LWLR RK OK IDW
BIAS MAE RMSE BIAS MAE RMSE BIAS MAE RMSE BIAS MAE RMSE
1 0.0 9.6 14.2 −0.1 9.6 14.3 −0.1 10.7 16.2 0.4 10.9 16.3
2 0.0 8.8 12.9 −0.1 8.8 12.7 −0.1 9.9 14.5 0.4 10.0 14.5
3 −0.1 8.8 12.9 −0.1 8.8 12.8 −0.1 9.9 14.4 0.4 9.9 14.5
4 −0.1 8.5 12.9 0.0 8.6 12.6 −0.1 9.2 13.3 0.4 9.8 14.2
5 −0.2 7.4 11.5 0.0 7.5 11.5 0.0 8.1 12.3 0.3 8.5 12.9
6 −0.1 6.1 9.2 0.0 6.0 9.1 0.0 6.3 9.6 0.2 6.6 10.1
7 0.0 5.1 7.7 0.0 5.1 7.6 0.0 5.3 7.9 0.1 5.5 8.3
8 0.0 6.3 9.0 0.0 6.2 8.7 −0.1 6.4 9.0 0.2 6.6 9.4
9 0.0 7.1 10.2 0.0 7.1 10.0 −0.1 7.2 10.2 0.3 7.5 10.7
10 0.0 9.6 13.7 0.0 9.5 13.4 0.0 9.7 13.7 0.4 10.3 14.6
11 0.0 11.0 16.2 −0.1 10.9 15.7 −0.1 11.7 17.1 0.4 12.2 17.7
12 0.0 9.8 14.7 −0.1 9.8 14.6 −0.1 11.0 16.8 0.4 11.1 16.8
spatial variance suggesting that kriging interpolation is not
useful to further reduce model errors.
The models were then investigated by evaluating the
monthly bias of appropriate station clusters. More pre-
cisely, we first analysed both the station bias distribution
for different 1∘ latitude bands covering the study domain
and different intervals of other geographical parameters.
The results (not shown) show that none of the meth-
ods has an evident bias for such station clusters. Then
we selected the station subsets on the basis of both ele-
vation and latitude, with thresholds chosen to consider
the four combinations of high-level/low-level stations of
Northern/Central-Southern Italy. We set 100m a.s.l. as
the low-level-station threshold, both for Northern and
Central-Southern Italy, whereas for the high-level-station
threshold we used 2000m a.s.l. for Northern Italy and
1000m a.s.l. for Central-Southern Italy. The box-plots of
the monthly errors for these station subsets are reported
in Figures 4(a), (b), 5(a) and (b). While LWLR and RK
show quite similar results and their error medians are
very close to zero in both cases, OK and IDW are
affected by significant biases. In particular, high-level
sites and low-level sites in Central-Southern Italy are
under and overestimated, respectively, with the largest bias
in winter (Figures 4(b) and 5(b)). A slight tendency to
under/overestimate normals of high-level/low-level areas
occurs also in Northern Italy, even though the biases are
much less pronounced (Figure 4(a) and 5(a)).
These results indicate that when elevation is not consid-
ered, high-level/low-level station values, which are often
computed by means of lower-level/higher-level neigh-
bouring stations, are underestimated/overestimated. This
problem is particularly relevant where the dependence of
precipitation on elevation is more marked and confirms
the importance of modelling the precipitation-elevation
relationship, which has however a strong spatial vari-
ability over the Italian territory. In order to study it, we
considered the distribution of the coefficients from the
linear precipitation-elevation regression used in the RK
procedure (see paragraph 3.2). The distribution of the grid
point coefficients shows a very heterogeneous behaviour
in precipitation-elevation relationship in all months.
The most marked variability occurs in winter when
mean values range from 10mm/km in the North (points
above 43.7∘N) to 70mm/km in Southern Italy (points
below 40.5∘N). It is therefore quite evident that a global
approach in modelling the precipitation-elevation rela-
tionship cannot be representative of the actual orographic
influence on rainfall distribution over Italy.
We also compared the models by analysing the bias
distribution for different ranges of stationmonthly normals
in January and July (Figure 6). Even though all methods
tend to underestimate the highest values, LWLR and RK
are the least biased in January, while the performances of
the different methods aremore similar in July for any range
of normals.
Therefore, the above observations suggest that consider-
ing the precipitation-elevation relationship and modelling
it at a local scale, as performed in LWLR and RK, is the
most suitable approach to produce Italian climatologies
on a high-resolution grid. On the contrary, OK and IDW,
by taking into account only station distance, turn out to
be more suitable to interpolate data over regular domains
where the local effects due to orographic features are neg-
ligible.
Even though LWLR and RK performances can be con-
sidered quite comparable, the two models show some
peculiar features due to the different spatial scales at
which the precipitation-elevation relationship is evaluated.
Specifically, LWLR considers a very small scale, as the
most relevant stations in the precipitation-elevation regres-
sion are generally located within 10 km from the con-
sidered grid point, whereas in RK the considered spatial
scale is more than one order of magnitude larger (see
paragraph 3.2). In this method, the small-scale effect is
captured by the OK applied to the residuals from the
precipitation-elevation relationship and if a too small scale
were used to get this relationship, the kriging variogram
would contain no significant signal.
Because of the small spatial scale adopted to perform
the elevation-precipitation regression, LWLR shows the
greatest ability in estimating the normal values for grid
© 2017 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. (2017)
on behalf of the Royal Meteorological Society.
39
HIGH-RESOLUTION PRECIPITATION CLIMATOLOGIES FOR ITALY
Figure 4. Monthly bias distribution of the reconstructed normals by the four methods for stations with (a) elevation >2000m a.s.l. in Northern Italy
and (b) elevation >1000m a.s.l in Central-Southern Italy. The boxes range from the lower to the higher quartiles and are centred on the median; the
whiskers represent the minimum and the maximum bias.
points at higher or lower elevation than the nearest stations.
We checked this ability by computing the leave-one-out
monthly errors of the stations that are located at higher or
lower elevation than the ten neighbouring ones. Figure 7
shows the box-plots of the stations that are significantly
higher (at least 50m) than the neighbouring ones. For these
stations LWLR turns out to be almost unbiased (the cumu-
lated bias over all months is within −5mm), whereas all
the other models have greater bias with cumulated yearly
values of about −50mm for RK and about −150mm for
both IDWandOK. Lowermean values ofMAE andRMSE
also reflect the better performance of LWLR for these sta-
tions. Similar results are obtained for the stations that are
significantly lower (at least 50m) than the neighbouring
ones, even though in this case the differences among the
methods are less pronounced.
However, in spite of its better extrapolation ability,
LWLR does not have lower errors than RK. This is because
LWLR is found to be more affected by the low data avail-
ability in complex areas due to the small scale considered
for the precipitation-elevation regression. When all station
weights considered in the estimation of a certain grid point
are negligible, the stations located far from it but showing a
fortuitous similarity with the cell in few geographical fea-
tures not dependent on the proximity of the station could
prevail in the regression producing unrealistic results and
marked discrepancy between precipitation values of adja-
cent cells. In these situations, even if the actual rainfall
gradients of the areas cannot be precisely reconstructed
due to the lack of stations, the RK interpolation generally
provides smoother fields. An example of critical area for
LWLR modelling is Mount Etna on the eastern coast of
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Figure 5. Monthly bias distribution of the reconstructed normals by the four methods for stations with elevation <100m a.s.l. in (a) Northern Italy
and (b) Central-Southern Italy. The boxes range from the lower to the higher quartiles and are centred on the median; the whiskers represent the
minimum and the maximum bias.
Sicily. The region around Mount Etna (3329m) is charac-
terized by a remarkable pluviometric gradient with wetter
conditions on the coastal area and drier conditions along
the western inland side. As shown in Figure 8, where the
map for January is shown as an example, the available
stations are all located at the foot of the volcano and the
highest station on the relief is installed at 1882m on the
southern side. Due to this poor station coverage, LWLR is
not able to deal with the complexity of the precipitation
variability of the area, and its output is a very heteroge-
neous rainfall distribution on the relief. A negative regres-
sion occurs in the grid cells close to the top, producing a
band of low rainfall values. However, for the cells on the
top, all station weights are negligible and the regression
is only driven by those stations with similar slope orien-
tation and, to a lesser extent, slope steepness, producing
strong positive coefficients and, consequently, high precip-
itation values at the highest altitudes. On the contrary, RK
provides a more reasonable reconstruction and more reli-
able rainfall gradients.
A further difference between LWLR and RK is that the
former method provides a straightforward approach to
quantify model uncertainties for each grid point and thus
to assess the reliability of the reconstructed precipitation
fields. These uncertainties are expressed by means of the
PI68 half-width, whose distribution over the domain for
the central month of each season is reported in Figure 9.
The PI68 half-widths calculated for the grid points closest
to the stations turns out to be in good agreement with
the leave-one-out station RMSE (Table 2) with a mean
monthly difference of around 6%. However, as expected
from the previous discussion, the greatest instability in
the model results occurs where the interaction between
circulations and very complex terrains leads to strong
pluviometric gradients within rather limited areas, causing
stations at the same elevation, but with different slope
© 2017 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. (2017)
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Figure 6. (a) January and (b) July bias distribution of the reconstructed normals by the four methods considering different ranges of station normals.
The boxes range from the lower to the higher quartiles and are centred on the median; the whiskers represent the minimum and the maximum bias.
orientations, to have contrasting precipitation normals.
This is mostly evident for Ligurian Apennines and for
the southernmost part of the Apennine ridge, where slope
orientation seems to have a much greater influence on
precipitation than elevation, producing marked deviations
from linear behaviour in the precipitation-elevation regres-
sion. Other areas exhibiting high PI68 values are Alpine
and pre-Alpine regions, more evident during spring and
autumn, and the Sicilian reliefs where the discussed issues
in the precipitation reconstruction over Mount Etna are
evident.
4.2. 1961–1990 high-resolution climatologies
LWLR and RK seasonal and annual precipita-
tion climatologies are presented in Figures 10–13.
The average seasonal LWLR and RK precipitation
(winter–spring–summer-autumn) over the considered
domain is very similar (253–243–179–289mm and
252–242–178–288mm, respectively). The agreement
is generally good also for smaller areas and, splitting
the domain into 1∘ sub-regions (centred on the nodes
indicated in Figure 14), 47 out of the 50 sub-domains have
LWLR–RK average differences in seasonal precipitation
within 3% of LWLR–RK average seasonal area values.
The most remarkable differences in seasonal amounts
concern the region centred over grid point 7∘E–46∘N
(northernmost part of Valle d’Aosta) which has 15–19%
less precipitation for RK than for LWLR and those centred
over grid points 11∘E–47∘N and 12∘E–47∘N which have
3–13% less precipitation for RK than for LWLR. For
these sub-domains, however, more than half of the area
falls outside Italy. Similar results are obtained even if we
compare the two methods at a smaller scale of 0.5∘ areas.
The agreement in terms of average seasonal precipitation
is good also with OK and IDW (251–241–177–287mm
for both methods) whereas greater differences are present,
© 2017 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. (2017)
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Figure 7. Monthly bias distribution of the reconstructed normals by the four methods for stations at higher elevation (at least 50m) than the 10 nearest
ones. The boxes range from the lower to the higher quartiles and are centred on the median; the whiskers represent the minimum and the maximum
bias.
Figure 8. A detail of the January precipitation climatology over Mount Etna (Sicily) obtained by LWLR, RK and IDW. The points represent the
available stations and the cross corresponds to the top of the volcano. OK climatology is not shown here as it provides a very similar precipitation
distribution to that reported on IDW map.
especially in mountain areas, if we perform the compar-
ison for 1∘ domains, bearing in mind the difficulties of
these methods to deal with the precipitation-elevation
relationship discussed above (see Figures 4 and 5). The
agreement of LWLR and RK is good even when we
consider the common variance of their precipitation fields:
it is higher than 95% in all seasons, peaking up to 99% in
summer. The agreement is slightly lower when LWLR is
compared to IDW and OK with common variance ranging
from 93% in winter to almost 99% in summer. On the
contrary, RK shows a very good agreement with both OK
and IDW in terms of common variance of precipitation
fields, which is always above 98%. In addition to model
agreement in terms of spatial precipitation fields, for all
pairs of methods the correlation between yearly cycles
reconstructed at each grid point was also considered.
Yearly cycles provided by LWLR and RK result in very
good agreement, with correlation coefficients very close
© 2017 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. (2017)
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Figure 9. LWLR prediction interval half-width for (a) January, (b) April, (c) July and (d) October.
to 1 for most grid points and with 0.99 as average value
over the domain. The agreement is very good with OK and
IDW as well and the average of correlation coefficients
over all grid points is 0.99 for any pair of methods.
Besides an overall good agreement, LWLR and RK
climatologies also show interesting differences. As for the
station normals (see Section 4.1), they are best emphasized
when we focus on specific clusters of grid points. Limiting
the comparison to the grid points that are at least 50m
higher than the ten closest stations, we get seasonal
LWLR average values of 185–292–315–285mm,
whereas the corresponding RK average values are
170–273–301–266mm. These discrepancies are even
greater if the same subsets of grid cells in OK and IDW
climatologies are considered (their seasonal averages are
166–271–290–268mm and 167–276–291–270mm,
respectively).
Some of the differences between LWLR and RK esti-
mations seem therefore to depend on the better extrap-
olation ability of LWLR. In other cases, they could be
© 2017 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. (2017)
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Figure 10. Seasonal LWLR precipitation climatologies.
due to the lower robustness of LWLR that may produce
unrealistic results over areas with low data availability
and with a complex precipitation-elevation relationship.
An example concerning Mount Etna has been discussed in
paragraph 4.1.
In spite of small differences, the LWLR and RK cli-
matologies show the same main features, which are also
present in OK and IDW climatologies. Both methods
highlight a complex and strongly seasonal-dependent spa-
tial distribution of precipitation. During the cold season,
the Northern regions turn out to be generally drier than
the Central-Southern areas, whereas the north-to-south
gradient is reversed and more evident during summer,
when very low values occur in Sicily, Sardinia and at the
southernmost parts of the Italian peninsula, together with
rather high values in the Alpine region.
Focusing on Northern regions, the precipitation-
elevation gradient is very clear during spring and autumn,
and even clearer in summer, especially from the Po Plain,
with values lower than 250mm, to the southern edge
of Alps, where the summer averages range between
250 and 750mm. During winter, these differences are
much lower. In addition to elevation gradients, also the
different exposure to moist-rich winds from south and
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Figure 11. Seasonal RK precipitation climatologies.
south-west strongly influences precipitation distribution
over Northern Italy. On the annual scale, the wettest sites
in Northern Italy are located in Carnia (easternmost part
of the domain), in Lepontine Alps and in the Apennines
between Liguria and Tuscany with annual precipitation
of slightly less than 3000mm. Another very wet area in
LWLR is the north-western part of Valle d’Aosta close
to Grand Saint Bernard Pass. This area is however sig-
nificantly less wet for RK, whose reconstruction has to
be probably preferred here due to the very low station
coverage of such a complex orography. Other very wet
regions are Orobic Alps, central Ligurian Appenines
and Veneto Prealps where annual rainfall amounts reach
2000mm. On the contrary, the Aosta plain and the inner
Alpine valleys, particularly in the upper Adda and Adige
river basins, feature drier conditions the whole year, with
annual amounts around 500mm. This feature is clearer in
LWLR, whereas RK rather smooths it out.
As regards Central-Southern Italy, a west-to-east gra-
dient is evident, especially during winter and autumn,
with drier conditions along the Adriatic coast. Due to
the short distance of the mountain chain from the sea,
a noteworthy precipitation-elevation gradient occurs in
all seasons along the southernmost part of Apennines
© 2017 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. (2017)
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Figure 12. Annual LWLR precipitation climatology.
Figure 13. Annual RK precipitation climatology.
(especially in Campania, Calabria and Basilicata) with
weaker effects during summertime only. This feature is
again more pronounced in LWLR, whereas RK smooths
it a bit out. However, both climatologies describe the pre-
cipitation distribution over Italy with an improved spa-
tial resolution in comparison with those available from
ISPRA and CREA-CMA, which are the only other ones
available at a national scale (ISPRA, 2014; Esposito et al.,
2015). If smaller regions are considered, the most impor-
tant improvements with respect to existing regional clima-
tologies concern Central-Southern Italy, where for many
areas the available maps are based on poor data coverage
and rather simple methods.
LWLR and RK climatologies also offer interesting
information about Italian climate from the grid point
Figure 14. Distribution of winter (DJF) to summer (JJA) precipitation
ratio over the domain and (superimposed) average yearly precipitation
cycles over 1∘ sub-domains covering the whole study area. The inset box
shows the range of the axes that is the same for all the plots.
precipitation annual cycles, whose patterns display a great
heterogeneity over the domain. Figure 14 shows the aver-
age yearly precipitation cycles over 1∘ areas distributed
throughout the Italian surface. They point out that the
main Italian islands and the southern regions feature a
very clear Mediterranean pattern with a precipitation
maximum between late autumn and mid-winter and a
very clear precipitation minimum in mid-summer, which
becomes less marked moving from south to north and
from the coast to the Apennines. On the eastern part of
peninsular Italy, this pattern extends less to the north than
on the western side, with the Adriatic coastal areas featur-
ing a less pronounced precipitation decrease in summer
and a shift of the highest contributions to autumn months.
Central and Eastern Alps have a completely different
pattern, with the highest precipitation in summer and the
lowest one in winter. The remaining part of Northern Italy
generally exhibits two maxima in spring and autumn and
a decrease of rainfall in summer and winter. In this area,
the prevailing of spring or autumn contribution defines the
different climatic zones. A different behaviour is observed
over the Po plain portion in North-Eastern Italy where
annual cycles show a rather smooth pattern and quite
constant rainfall contributions from all seasons. Figure 14
also shows the ratios between winter and summer precip-
itation normals at each grid point. They clearly show the
Mediterranean climate of peninsular Italy, where winter
to summer ratios are greater than 1 picking up to 20 in
the southernmost Sicilian coasts, in contrast with the con-
tinental climate of Northern Italy, with values generally
lower than 1 and largely below 0.5 over the North-Eastern
Alps. Moreover, it is worth noting the distinction between
the central Adriatic coastal areas, whose behaviour is
more similar to that of northern Italian regions, from the
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remaining part of peninsular Italy, where the decrease of
summer precipitation is more pronounced.
5. Conclusions
Monthly 30-arc-second-resolution precipitation climatolo-
gies for the 1961–1990 period were computed for Italy
from a dense and quality-checked observational database
by means of two interpolation approaches modelling the
precipitation-elevation relationship at a local scale. More
precisely, a LWLR and a local RK were performed. The
ability of these methods to deal with the spatial distri-
bution of precipitation normals over the Italian territory
was evaluated by comparing their performances with those
of two interpolating methods which do not apply any
precipitation-elevation relationship: OK and IDW.
Even though all models reconstruct the station precipi-
tation normals without significant global bias, LWLR and
RK provide better results, with leave-one-out MAEs rang-
ing from 5.1mm (July) to 11mm (November) for both
models. Their better performance in reconstructing nor-
mals are even more evident when clustering stations by
latitude and elevation, in particular considering high-level
and low-level stations in Northern and Central-Southern
Italy. While OK and IDW systematically show both over-
estimations and underestimations of the monthly precip-
itation, the median (and the mean) of LWLR and RK
errors is almost null in every station subset, suggesting the
greater suitability of the local approaches to describe the
precipitation-elevation relationship within the orographi-
cally heterogeneous Italian domain. Although LWLR and
RK have comparable performances, they show some spe-
cific features. In particular, LWLR is found to be strongly
dependent on the domain features and on data availabil-
ity. Especially over areas with complex orography and low
station coverage, it may produce less reliable and discon-
tinuous values, whereas RK provides more stable results.
On the other hand, if the data density is high enough,
LWLR shows a greater extrapolation ability, especially for
the points located at higher elevation than the nearest sta-
tions. An additional advantage of LWLR is that it allows to
directly define a prediction interval for each grid point of
the study area which helps to identify the regions mostly
affected by model uncertainty.
Despite small discrepancies, RK and LWLR
high-resolution climatologies are in very good agree-
ment and show very similar features. Seasonal and annual
maps point out a heterogeneous and extremely seasonal
dependent precipitation distribution, with remarkable spa-
tial gradients between Northern and peninsular Italy, as
well as between Tyrrhenian and Adriatic coasts. Moreover,
the annual cycles reconstructed at the high-resolution grid
and the distribution of the winter to summer precipitation
ratios highlight a clear distinction among the different
Italian climatic zones.
More data from new sites and updating the present
database are needed to enhance the reconstruction of the
most critical areas and to compute the climatological
normals for more recent WMO reference periods
(1971–2000 and 1981–2010). This requires the exploita-
tion of the data collected in the last 20–25 years by the
new automatic weather station networks set up by the Ital-
ian Regions that have to be merged with the data from the
mechanical network of the former SI. One of the problems
of this activity is that in some areas the quick transition
to automatic stations and the change of most station sites
make the merging of the two networks not easy, requiring
the application of homogeneity tests to evaluate how the
new records can properly be used to update the older ones.
Thanks to the procedure we developed to estimate the
precipitation normals of a period even when its data are
partially or completely missing, the update of normals
does however not require updating thousands of series, but
only a subset of selected stations allowing to capture the
spatial pattern of the temporal variability of precipitation
over Italy.
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Chapter 3
Spatio-temporal projection of
precipitation over a complex
high-mountain region
The presented work focuses on the reconstruction of a high-resolution dataset of
long-term monthly precipitation series (1913-2015) for a mountainous area centred
over the Forni Glacier (Central Alps). At this aim, the daily precipitation records
of 30 rain-gauges available over the study area at different elevation bands were
retrieved from both automatic and mechanical networks of regional and subregional
services. The series were filled for daily gaps, checked for homogeneity and quality
and converted to monthly scale. The newly recovered records were then integrated
into the monthly database used to derive the Italian precipitation climatologies
described in chapter 2. The 1961-1990 monthly climatologies over the study domain
were computed at 30-arc second resolution and the 1913-2015 gridded dataset of
precipitation series was then obtained by means of the anomaly method.
The study aimed at evaluating the ability to reconstruct the spatio-temporal distribu-
tion of precipitation for an area covered by a sparse network of in-situ observations
without direct information at the highest elevations and over the glacialised surfaces.
The accuracy of the results was thus computed by means of both the LOO validation
on station sites and the comparison with the data collected by an Automatic Weather
Station (AWS) operating on the Forni Glacier tongue since 2005 and not used into the
interpolation procedure. The comparison with AWS pointed out the lowest agreement
for winter when precipitation values were underestimated by the model.
The areal precipitation record over the period 1913-2015 obtained from the gridded
dataset revealed no statistically significant long-term trends on both annual and
seasonal scales, while a more relevant short-term variability was depicted.
The chapter is based on the peer-reviewed article published on Advances in Meteorol-
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Mountain environments are extremely influenced by climate change but are also often affected by the lack of long and high-quality
meteorological data, especially in glaciated areas, which limits the ability to investigate the acting processes at local scale. For this
reason, we checked a method to reconstruct high-resolution spatial distribution and temporal evolution of precipitation.The study
area is centred on the Forni Glacier area (Central Italian Alps), where an automatic weather station is present since 2005. We set up
a model based on monthly homogenised precipitation series and we spatialised climatologies and anomalies on a 30-arc-second-
resolutionDEM, using LocalWeighted Linear Regression (LWLR) and RegressionKriging (RK) of precipitation versus elevation, in
order to test themost suitable approach for this complex terrain area.The comparison shows that LWLR has a better reconstruction
ability for winter while RK slightly prevails during summer. The results of precipitation spatialisation were compared with station
observations and with data collected at the weather station on Forni Glacier, which were not used to calibrate the model. A very
good agreement between observed and modelled precipitation records was pointed out for most station sites. The agreement is
lower, but encouraging, for Forni Glacier station data.
1. Introduction
Responses of the mountain environment to climate change
represent one of the most studied topics in recent years [1–
3]. The evident and fast landscape modifications occurring
in the last decades testify the vulnerability of mountain areas
to climate change (e.g., [4]). At higher altitudes cryosphere is
shrinking and in the last 60 years Italian Alpine glaciers have
lost about 30% of their volume [5], with a huge reduction of
glacier surfaces [6] and a progressive widening of proglacial
areas, which lead to new colonisation of glacier forelands
[7, 8] and debris covered surfaces by vegetation [9–11] and
animals [12, 13]. Such geomorphological changes involve not
only the abiotic and biotic components but also the landscape
fruition as theymodify the local geoheritage [14], geodiversity
[15], hazard, and risk scenarios [16–18].
As glacial and geomorphological processes are strictly
climate related, accurate reconstruction and analysis of
present and past climatic conditions are crucial. Qualitative
reconstruction of the past climatic characteristics over long
time scales is possible thanks to geomorphological and
biological paleoclimatic indicators (e.g., typical features of
glacial and periglacial environment, debris covered glaciers
and rock glaciers, tree remnants under glacial deposits, and
pollens) [19–22]. Quantitative reconstructions, instead, come
fromdendroclimatic analysis [23–25] or frommeteorological
observations that in Italy began to be collected regularly in the
last decades of the XVIII century [26]. The longest records
of meteorological data are however generally available for
anthropized areas (in Italy they concern Milan, Padua, and
Turin), with some excellences in high mountain environ-
ment, such as Capanna Margherita (Punta Gnifetti 4554m,
since 1899), Sonnblick (Austria, 3106m, since 1886), and
Jungfraujoch (Switzerland, 3466m, since 1930). In the last
decades many automatic weather stations (AWS) have been
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positioned over glaciers and other high-elevated sites (e.g., at
Forni Glacier in Valtellina (SO) [27]).
Therefore, mountain environments, especially glacier
forelands, are extremely influenced by climate change but are
also often affected by the lack of long and high-qualitymeteo-
rological data, which limit the ability to deeply investigate the
acting processes at local scale and their influence/impact on
the biotic and abiotic environments as well as on the human
component. This problem may be reduced, at least partially,
by methodologies allowing us to extrapolate the existing
observations over such areas. Many interpolation methods
have been developed so far and allow reconstructing the high-
resolution spatial distribution and temporal evolution of a
meteorological variable over an extended area by integrating
punctual station data and the topographic features of the
surface, extracted from Digital Elevation Models (DEM).
These methodologies allow us to obtain the climatic signal
for a number of points much higher than the sparse station
network and to get information even for those limited areas
where nometeorological stations are present [28]. Results can
bemoreover integrated with dendroclimatic reconstructions,
which can go back for hundreds to thousands years [29].
However, the ability of the model to reconstruct past climate
series strongly depends on data distribution and availability
as well as on orographic complexity of the area under
investigation.
Temperature, precipitation, solar radiation, and wind are
the main parameters that need to be widespread on glacier
forelands. The present work is focused on precipitation as its
distribution, characteristics, and trend have a great influence
as triggering factors for hazard [3, 30]. They can represent
limiting factors for biological community [31] and they can
affect human fruition of the higher areas [32]. Moreover, the
ability of quantifying the precipitation distribution (together
with temperature) and its features over Alpine regions is
extremely important to improve the estimation of mass bal-
ances over glaciers or hydrological balances over catchments.
Within this context, the paper aims at (I) presenting
a methodology to reconstruct monthly precipitation time
series (1913–2015) for any point of a 30-arc-second-resolution
grid, covering a complex mountain area centred on the
Forni Glacier (Central Alps) where an AWS is located since
2005; (II) analysing the spatial distribution of precipitation
normals and precipitation temporal trends; (III) comparing
the modelled precipitation series over Forni Glacier with the
AWS records; and (IV) discussing the possible applications
to multidisciplinary researchers focusing on glacier foreland
changes.
2. Materials and Methods
2.1. Study Area and Data. The area selected for the present
work is centred on the Forni Glacier, one of the largest Italian
valley glaciers (11.34 km2 [5]), and it covers about 2000 km2
(grey shaded area in Figure 1).
In the last decades, this mountain area, as well as the
similar ones all over the Alps, has suffered a rapid and
deep modification due to climate change [33]. The most
evident result is a generalized shrinkage of glacier bodies and,
consequently, the expansion of glacier forelands with changes
in the morphology of the upper valley portions. A deeply
known moraine system (see for details [21]) characterises
the Forni Valley allowing us to precisely date the glacier
advancing phases since the Little Ice Age [34, 35] and to
reconstruct the progressive glacier retreat and the following
tree colonisation (ecesis) [8]. The germination of new plants
in the proglacial areas, togetherwith the increase of the glacial
debris coverage, due mainly to gravity processes and ice
ablation, contributes significantly to the deep transformation
of the local glacial landscape. The debris coverage over the
Forni Glacier ablation tongue is estimated to be increased
from 26.7% in 2003 to 48.1% in 2015 [36]. This variation is
in turn responsible for local microclimatic changes also in
relation to the type of lithology constituting the debris. Land
cover change caused by glacier shrinkage can modify climate
through different mechanisms, some directly perturbing the
Earth radiation budget and some perturbing other processes
[37]. In fact, land cover change can alter the surface energy
and moisture budgets through changes in evaporation and
the fluxes of latent and sensible heat, directly affecting pre-
cipitation and atmospheric circulation as well as temperature
[37].
The study area includes the Upper Valtellina (11 stations),
the western part of the Venosta Valley (9 stations), and
the western part of Sole Valley (9 stations), located in the
Central Italian Alps, and a portion of the Grisons Canton
(1 station), on the Swiss side of the Alps. A great part of
this region is included within Stelvio National Park; see
Figure 5 andTable 4.This area is characterised by a significant
orographic heterogeneity with elevation values ranging from
approximately 1000m a.s.l. of the valley bottom to the 3769m
a.s.l. of the highest peak (Mount Cevedale). A bigger area was
also considered (black border square region in Figure 1) in
order to strength model computation of precipitation fields
on the inner area. The considered weather stations (grey
shaded area in Figure 1) can be grouped according to their
distribution with respect to the relief features. Two stations
belong to the high mountain environment, whose lower limit
roughly corresponds to the upper limit of vegetation [38]; 8
stations are located on slopes at middle altitude (below the
treeline) and 6more stations are located at Passes and plateau.
The remaining 14 stations are positioned at the valley bottoms
(Table 4).
The database considered in the present work is composed
by 30 daily precipitation series, covering the study area, which
were retrieved from several Italian regional and subregional
sources (Meteotrentino for the autonomous province of
Trento, the Hydrological Office of the autonomous province
of Bolzano/Bozen, the weather service of Regional Agency
for Environmental Protection ARPA, in Lombardia, and
the Geological Monitoring Service, CMG, weather network
also in Lombardia) and from MeteoSwiss. Details on data
sources are listed in Table 1. The series cover different time
intervals in the 1913–2015 period and their elevation ranges
are not equally distributed (Figures 2(a) and 2(b)). Fourteen
of those series have been obtained by merging records from
the traditional networks of mechanical stations with records
from the new networks of automatic stations. This merging
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Figure 1: Study area domains: grey shaded the inner box area (longitude E 10∘10.98󸀠–10∘49.14󸀠 and latitude N 46∘15.6󸀠–46∘37.34󸀠) centred on
the Forni Glacier, with the solid black square bordering the outer area (longitude E 8∘36󸀠–12∘00󸀠 and latitude N 45∘00󸀠–47∘48󸀠). Black dots
indicate the weather stations considered.
Table 1: Meteorological networks considered in this work. References for datasets are available at Acknowledgments section.
Network State Region, province
ARPA Lombardia, Meteo Italy Lombardia, Sondrio
ARPA Lombardia, CMG Italy Lombardia, Sondrio
Meteotrentino Italy Trentino
Provincia autonoma di Bolzano, Bozen Italy Alto Adige
Meteo Svizzera, Meteo Swiss Switzerland Grigioni
was performed only if distance between the old and the new
site was within 100m and elevation difference within 30m.
Moreover, in some cases the two series had an overlapping
period that supported their homogeneity assessment.
The daily data were subjected to a preliminary gross-
check. Then, they were subjected to a gap-filling procedure
in order to minimise the effect of sparse gaps in the daily
records on the computation of monthly totals. For each
station (test), all months with at least 15 available daily data
were subjected to daily fulfilment procedure, where each
daily reconstruction was performed by considering the daily
records of a reference station. The reference station was
selected considering distance, elevation gap, common days
in the considered month, and correlation value with the
test series. Correlation was computed by Pearson method
and all series with correlation values less than 0.7 were
discarded. Therefore, reference station was the nearest one
showing the highest correlation and number of common
data. The missing daily values were reconstructed using the
multiplicative anomaly method [39]. More in detail, the
average daily precipitation was computed for test and for
reference stations on the basis of their common period, with
these two averages, it was possible to compute the ratio that
worked as scaling factor. The missing day in test series was
reconstructed by rescaling the corresponding day in reference
station using the aforementioned scaling factor.
On average, the percentage of daily data reconstructed
for each station was about 1% (the maximum was about
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Figure 2: Availability of weather stations (a) from 1913 to 2015 and station distribution according to the altitude (b), with classes of 100m.
The inner study area is represented in dark green, and the outer area is represented in salmon.
5% at station Arnoga Valdidentro). The robustness of the
filling procedure was evaluated by applying it to the available
known records for each daily series and comparing the
measured values to the simulated ones in terms of both
daily precipitation values and number of wet days (Figure 3).
Uncertainties were evaluated for the reconstruction of both
absolute daily precipitation and number of wet days (days
with precipitation greater than or equal to 1mm) for each
month. The uncertainties showed that for absolute daily
cumulate precipitation root mean square error (RMSE) was
around 2.5mmandMeanAbsolute Error (MAE)was 1.0mm,
with a total of 449534 simulated days. MAE was found to
be more affected by the nonrainy days (precipitation lower
than 1mm), so we decomposed the computation of those
errors into several rain classes. The chosen classes and the
corresponding errors are summarised in Table 2 and high-
light the increase in MAE and RMSE values with increasing
precipitation, whereas the reconstruction of monthly wet
days provided a quite good result: on a total of 14912 simulated
months MAE was 1.5 days and RMSE was 2.1 days. These
results are also reported as scatter plots in Figures 3(a) and
3(b).
After the daily fulfilment, monthly dataset was computed.
Whenever missing daily data were still present, the corre-
sponding monthly cumulate was not evaluated. The incre-
ment of daily data, even though it was little, had permitted to
increase significantly the monthly precipitation availability:
on average the benefit was around 15%, and the maximum
increment was obtained for station Arnoga Valdidentro, that
passed from 77 to 182 available months.
In order to investigate monthly series in terms of quality
and homogeneity and to deal with the points at the borders
of study area in the climatological reconstruction, they were
integrated by several monthly precipitation series retrieved
from a quality-checked database recently set up to compute
the 1961–1990 monthly precipitation climatologies for Italy
[40]. All the available stations in a wider area (latitude
north 45∘00󸀠–47∘48󸀠 and longitude east 8∘36󸀠–12∘00󸀠) were
included reaching a total of 734 series and a spatial density
of about 9 stations/103 km2.
Besides the 30 station series, we also considered, but did
not include in the database used as input for the model,
the daily observations collected by an AWS (named AWS1
Forni) that has been operating on the ablation tongue of
the Forni Glacier since 2005 and monitors continuously
the most important meteorological variables. It represents a
precious and unique source of data directly measured on a
glacier surface and they were used as validation of the model
outputs.
2.2. Monthly Quality-Check and Homogenisation. The qual-
ity-check and homogenisation activities on the 30 monthly
series in the domain were carried out in order to remove
outliers and spurious values and to detect nonclimatic signals
due to, for example, changes in station location, station
malfunctions, changes in surroundings, sensors, and/ormea-
surements techniques [41].
Quality-checkwas performed for all the 30 stations inside
the domain, by following the method described in Crespi et
al. [40]. It is based on the comparison between the measured
series (test) and the simulated one reconstructed on the basis
of ten neighbouring stations (reference) with enough data in
common with the station under consideration.
The homogenisation algorithm is based on the Craddock
test [42] and the Expert Judgment method [43, 44]. It is
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Table 2: Reconstruction of absolute precipitation skill for precipitation classes subdivision.
Rain class (mm) Days MAE (mm) RMSE (mm)
[0.0–1.0) 326043 0.22 0.96
[1.0–2.5) 32270 1.42 2.10
[2.5–5.0) 27178 2.13 2.86
[5.0–7.5) 17492 2.83 3.69
[7.5–10.0) 10898 3.45 4.54
[10.0–15.0) 14115 3.97 5.26
[15.0–20.0) 8056 4.67 6.22
[20.0–30.0) 7776 5.49 7.40
[30.0–40.0) 3180 6.55 8.87
[40.0–50.0) 1344 7.56 10.31
[50.0–75.0) 984 9.16 12.29
[75.0–100.0) 159 11.92 16.24
[100.0–125.0) 30 13.98 17.48
[125.0–150.0) 7 28.93 35.38
[150.0–200.0) 2 21.67 22.11
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Figure 3: Scatter plot of simulated versus measured monthly wet days (a) and daily rainfall (b).The skill score is the red line (1 : 1), while blue
lines represent the ratios 2 : 1 and 1 : 2.
based on the assumption that if two series are homogeneous
their ratios should be constant in time. Therefore, for each
test series, five reference stations are chosen based on dis-
tance, altitude criterion, and amount of common data. The
monthly series of cumulative relative differences (Craddock
series) between test and each reference were computed,
and inhomogeneous periods were selected manually and
corrected by the proper correcting factors; nine series out of
30 were homogenised for relative short periods. In Table 3,
the homogenised series are listed together with the corrected
periods, while in Figure 4 the annual series of Bormio
station before and after the homogenisation is reported as an
example.
After these procedures, the monthly normals in the
period 1961–1990 were computed for each station. In order
not to introduce biases in the normal computation due to
unequal number of available data, missing months were
reconstructed by following the procedure described in Crespi
et al. [40] and based on the same method applied for quality-
check.
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Table 3: List of homogenised precipitation series and their homogenised periods.
Station name Network Homogenised periods
Bormio ARPA Lombardia 1930–1959
Cancano (Valdidentro) ARPA Lombardia 1951–1969
Solda Provincia di Bolzano 1930–1965, 1966–1995
Careser (dam) Meteotrentino 1975–1992
Cogolo Pont (Centrale) Meteotrentino 1933–1940, 1990–1999
Passo del Tonale Meteotrentino 1923–1930, 1959–1971
Mezzana Meteotrentino 1990–2000, 2009–2016
Malga Mare (Centrale) Meteotrentino 1974–2016
Peio Meteotrentino 1930–1950, 1944, 1960–1972
Table 4: Inner area station characteristics: the ID column refers to Figure 5.
ID Station name Province Lat N Lon E Elevation [m] Positioning Side
1 Grosotto Sondrio 46.286 10.261 613 Valley bottom
2 Premadio centrale Sondrio 46.485 10.351 1305 Valley bottom
3 Trafoi Bolzano 46.550 10.508 1570 Mid mountain E
4 Pezzo Brescia 46.283 10.519 1557 Valley bottom
5 Agumes Prato Bolzano 46.621 10.582 907 Valley bottom
6 Gioveretto dam Bolzano 46.509 10.725 1851 Mid mountain SE
7 Ganda Bolzano 46.550 10.786 1257 Mid mountain NW
8 Lago Verde Bolzano 46.467 10.803 1488 Mid mountain E
9 Rabbi Somrabbi Trento 46.410 10.804 1352 Mid mountain S
10 Santa Caterina Valfurva Sondrio 46.415 10.498 1760 Valley bottom
11 Forni Sondrio 46.421 10.564 2118 Mid mountain Bottom
12 Cancano Sondrio 46.514 10.323 1855 Mid mountain Bottom
13 Bormio Sondrio 46.466 10.371 1225 Valley bottom
14 Solda Bolzano 46.514 10.594 1905 Valley bottom
15 Lasa Bolzano 46.615 10.693 865 Valley bottom
16 Silandro Bolzano 46.622 10.779 698 Valley bottom
17 San Giovanni Martello Bolzano 46.526 10.736 1616 Mid mountain E
18 Pian Palu` (dam) Trento 46.337 10.614 1800 Mid mountain NE
19 Careser (dam) Trento 46.423 10.699 2600 High mountain NW
20 Mezzana Trento 46.313 10.796 905 Valley bottom W-E
21 Passo del Tonale Trento 46.263 10.597 1875 Mid mountain Pass
22 Peio Trento 46.364 10.678 1585 Mid mountain SSE
23 Sondalo, Le Prese Sondrio 46.350 10.355 950 Valley bottom
24 Aquilone Sondrio 46.401 10.355 1082 Valley bottom
25 Grosio, Fusino dam Sondrio 46.327 10.246 1220 Mid mountain S
26 Valdisotto Sondrio 46.384 10.330 2114 High mountain E
27 Sta Maria Val Muestair Grigioni 46.600 10.433 1383 Valley bottom
28 Cogolo Pont Trento 46.365 10.689 1190 Valley bottom N-S
29 Passo del Tonale (old) Trento 46.263 10.611 1795 Mid mountain Pass
30 Malga Mare Trento 46.414 10.681 1950 Mid mountain SE
2.3. Interpolation Models and Anomaly Method. The 1961–
1990 high-resolution precipitation climatologies were com-
puted for each grid cell of a 30-arc-second-resolution DEM
(GTOPO 30 DEM, U.S. Geological Survey) covering the
whole study domain. This DEM has a root mean square
error (RMSE) of about 18m [45]. Since many climatological
works (see, e.g., [46]) proved that precipitation distribution
is strongly linked to orography, especially elevation, and the
interpolation techniques taking into account terrain features
are proved to provide better performances, the monthly
normals were distributed applying a Local Weighted Linear
Regression (LWLR) of precipitation versus elevation [47].
LWLR computed the precipitation normal𝑝 at eachDEMcell
(𝑥, 𝑦) by considering its elevation (ℎ):
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Figure 4: Bormio station annual cumulated precipitation: the
homogenised series (blue solid line) is compared with the original
series (red dashed line). The homogenised period 1930–1959 is
clearly visible, when the original series underestimates precipitation.
𝑝 (𝑥, 𝑦) = 𝑎 (𝑥, 𝑦) + 𝑏 (𝑥, 𝑦) ⋅ ℎ (𝑥, 𝑦) , (1)
where 𝑎(𝑥, 𝑦) and 𝑏(𝑥, 𝑦) are the coefficients of the weighted
linear precipitation-elevation regression performed at the
considered cell by selecting the stations with the highest
weights.
Station weights (𝑤par𝑖 (𝑥, 𝑦)) are expressed as the product
of several weighting factors in the form of Gaussian functions
(2) in which the distances and the level of similarity between
the station cells and the considered grid cell in terms of
orographic features (i.e., elevation, slope steepness, and slope
orientation) are taken into account:
𝑤par𝑖 (𝑥, 𝑦) = 𝑒
−((Δ
par
𝑖
(𝑥,𝑦))2/𝑐par), (2)
where Δpar𝑖 (𝑥, 𝑦) is the difference of the parameter values
between the station 𝑖 and the grid cell and 𝑐par is the coefficient
regulating weight decrease.
Orographic features of each station were extracted from
the closest DEM cell, while the most suitable decreasing
coefficients to be used for the weighting factors were opti-
mised month-by-month following the procedure described
in Crespi et al. [40].
In order to assess the suitability of the chosen interpola-
tion model, we compared it with the widely used Regression
Kriging (RK) approach. This comparison allowed us to test
model robustness and to assess the most suitable spatial scale
at which the precipitation-elevation relationship has to be
studied on the domain.
In RK, a global precipitation-elevation regression is com-
puted on all the stations in the domain and the station
residuals are then interpolated onto high-resolution grid by
ordinary kriging. Precipitation normal at cell (𝑥, 𝑦) is finally
obtained as follows:
𝑝 (𝑥, 𝑦) = 𝑎 + 𝑏 ⋅ ℎ (𝑥, 𝑦) + kT (𝑥, 𝑦) ⋅ 𝜀, (3)
where 𝑎 and 𝑏 are the global regression coefficients, kT(𝑥, 𝑦)
are the kriging weights, and 𝜀 are station residuals. Further
details on RK approach can be found in, for example, Hengl
et al. [48].
Moreover, in order to define the actual spatial scale at
which the direct effects of elevation on precipitation are
important [49], a Gaussian filter was applied to smooth
out terrain features, while retaining the 30-arc-second-
resolution. The smoothing of the DEM was performed by
assigning to each cell an elevation obtained as a weighted
average of the elevations of the surrounding cells, with
weights provided by a Gaussian function decreasing to 0.5
at a distance of 3 grid steps from the cell itself; the degree
of smoothing was chosen after an optimisation procedure
(see more details in Crespi et al. [40]). The DEM is depicted
in Figure 5. Climatologies were therefore computed on this
smoothed version of the DEM (3smDEM), which is also used
to assign to the stations the orographic parameters required
in the interpolation procedure.
After computing the distribution of 1961–1990 precip-
itation normals on the domain, the century records for
the period 1913–2015 were obtained for each grid point by
applying the anomaly method [50]. This methodology is
based on the assumption that the spatiotemporal behaviour
of meteorological variables can be described by the superim-
position of a constant field (i.e., the climatologies) and the
departures from them (i.e., the anomalies). At this aim, long
and high-quality homogenised series are required to avoid
reconstructing nonclimatic signals. Due to the higher spatial
coherence of anomalies in respect to climatologies, interpola-
tion approaches considering larger scales and neglecting local
surface features are preferable [28]. Monthly precipitation
series from all stations were converted into anomaly series
as the ratio to the corresponding 1961–1990 monthly clima-
tologies (normals). Afterward theywere interpolated onto the
30-arc sec grid by averaging the anomalies of neighbouring
stations (within 200 km from the grid point) by means of
Gaussian weighting functions (in the form of (2)), taking
into account their distance from the considered grid cell and
elevation difference.
Due to the evolution of data coverage during the con-
sidered time interval, the weight decrease was regulated for
each year according to station availability.While for elevation
weight a constant halving coefficient was set, for distance
weight it coincided with the mean radius from the grid
point within at least 3 available stations that were included.
This value ranged between 45 km at the beginning of the
period to 10 km for the central decades when station coverage
was maximum. High-resolution field of 1913–2015 monthly
precipitation series in absolute values was finally obtained by
multiplying gridded anomalies for 30-arc-second-resolution
climatologies.
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Figure 5: The inner area with stations, numbered following Table 4, the smoothed DEM with contour lines, and station MAEs as size of
station points.
2.4. AWS1 Forni as Model Validator. The statistical model,
as previously described, was set up using a net of weather
stations ranging from valley bottom to the mountain top.
Each station insists on a specific area and altitude gap,
and its influence decreases progressively (see Section 2.3).
Each station represents its surroundings, especially in such
a complex terrain, and overlaps to the predominant climate
signal a microclimate forcing. In order to assess the ability
of the reconstruction approach to extrapolate the local
microclimatic conditions of the area, especially over those
points which are less monitored by in situ measurements, we
compared the modelled series for a gird point over the Forni
Glacier with the precipitation observations collected byAWS1
Forni. This station was not included in the database entering
in themodel, so its data were completely new and a very good
start point for the validation.
The station is equipped with a not-heated rain gauge,
which measures the summer (from June to October) liquid
precipitation, and two sonic ranger sensors, which measure
the snow depth. For the estimation of daily snow water
equivalent (SWE) an approach based on hourly snow depth
data and a fresh snow density of 140 kg/m3 was applied
[27, 51]. This method was validated in a previous study by
comparing the estimated SWE values with data measured by
means of manual snow pits and recorded by an automatic
snow pillow [52].
Until October 2014, the AWS1 Forni was situated on
the lower sector of the eastern tongue of the Forni Glacier.
Because of the increased number of crevasses that made it
very difficult and hazardous to reach the station site, the
AWS was moved to an upper area. Unfortunately, due to the
formation of ring faults that could compromise the stability
of the station itself [53, 54], in November 2015 the AWS was
moved on the central tongue. All the changes inAWS location
are reported in Table 5. The actual AWS1 Forni position was
set to the average of the three locations.The nearest DEM cell
to this position is 2101 (Figure 6), which was used together
with the other eight nearest points to compare themodel with
the station data.
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Figure 6: Inner area grid points (violet dots) and the locations of AWS1 Forni at Forni Glacier (red dots), superimposed to Google Earth©
satellite images.
Table 5: Forni supraglacial weather station positions in the last years.
Beginning period End period Latitude N Longitude E
October 2005 October 2014 46∘23󸀠57.8󸀠󸀠 10∘35󸀠24.7󸀠󸀠
October 2014 November 2015 46∘23󸀠52.0󸀠󸀠 10∘35󸀠30.2󸀠󸀠
November 2015 Today 46∘23󸀠42.4󸀠󸀠 10∘35󸀠24.2󸀠󸀠
3. Results and Discussion
3.1. Climatologies. The monthly climatologies (1961–1990
normals) were evaluated by LWLR for the inner domain
reported in Figure 1 and model accuracy was evaluated in
terms of Leave-One-Out (LOO) reconstruction of monthly
normals of the 30 stations of this area, that is, by excluding
the station meant to be reconstructed in order to avoid self-
influence. Model uncertainties were estimated in terms of
monthly MAE, RMSE, and BIAS. In order to assess the
suitability of the chosen approach for the peculiar study area,
model results were compared to those obtained by RK and
the correspondingmonthly errors are reported in Table 6. On
average LWLR had shown lower values for MAE and RMSE
with respect to RK, except for summer months when RK
performances were comparable or even better than LWLR.
The reason could be found in the peculiar LWLR extrap-
olation ability: the local precipitation-elevation regression
tends to enhance precipitation amounts in summer when the
highest station monthly normals occur. However, the annual
evolution of climatologies for each considered station was
well captured by both models.
Regarding the annual climatological map depicted in
Figure 7, a very dry zone was reconstructed in Venosta Valley
(northeastern part of the box), with less than 400mm/yr,
while the mountain chain of Ortles-Cevedale is more wet,
with 1000–1100mm/yr. Meanwhile the Upper Valtellina
(Bormio, Valfurva, and Livigno) has an intermediate precip-
itation pattern (around 750–900mm/yr). Moreover, in the
western part of the area is visible a very high precipitation
region (up to 1400–1500mm/yr): this is related to the high
precipitation measured across the Bernina Pass that has Stau
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Figure 7: Annual climatology (1961–1990) evaluated with the LWLR method. Black dots indicate rain gauges; black lines indicate borders
between regions. Letters indicate administrative regions: (A) Lombardy, Sondrio province; (B) Switzerland, Grisons canton; (C) Alto Adige
Su¨dtirol; (D) Trentino; (E) Lombardy, Brescia province.
Table 6: LWLR and RK leave-one-out uncertainties. BIAS were evaluated as difference between measured and simulated values.
Month LWLR RK
[mm] BIAS MAE RMSE BIAS MAE RMSE
January −0.48 4.6 5.8 −0.92 7.3 8.8
February −1.52 5.2 6.3 −1.80 7.3 8.5
March −1.20 5.8 7.2 −1.06 8.0 9.5
April −0.94 8.2 10.3 −0.71 11.3 13.8
May −0.81 9.9 12.7 −1.16 9.4 12.4
June −0.78 7.7 9.5 −0.35 7.1 9.8
July −0.16 7.6 9.9 0.13 7.7 9.6
August −1.12 8.3 10.3 −0.57 8.2 10.6
September −0.42 7.7 9.8 −0.58 8.1 11.2
October −0.43 8.3 11.4 −0.91 8.8 11.8
November −1.39 7.2 9.2 −1.12 7.9 10.1
December −0.22 5.1 6.3 −0.46 6.5 7.8
conditions from both north and south sides. Considering an
average on the entire area the rainfall is 880mm/yr.
As pointed out by annual precipitation distribution,
Ortles-Cevedale chain acts as a pluviometric shadow, as
it stops the southerly wet air masses. This behaviour is
even more evident observing the seasonal climatologies in
Figure 8, especially during winter. Moreover the annual
cycle points out the contrast between a very dry winter
(even less than 100mm/season, especially on Upper Valtel-
lina and Venosta Valley) and a very wet summer (up to
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Figure 8: LWLR seasons climatologies. Black lines are borders of administrative regions as in Figure 6; black dots are weather stations.
400mm/season, especially on Ortles-Cevedale chain). The
relevant seasonality of the shadowing effect of the Ortles-
Cevedale chain is a consequence of the fact that atmospheric
circulation during rainy days exhibits strong differences along
the year. Considering an average on the entire grid the
amount of precipitation is 124mm for the winter season,
228mm for spring, 299mm for summer, and 230mm for
autumn with minimum in February (40mm) and maximum
inAugust (107mm).The lowerwinter values can be explained
by the typical atmospheric circulation which is present in
winter when precipitation occurs over North-Eastern Italy:
it is characterised by southeasterly advection blowing wet
air from the Adriatic Sea. Those wet air masses, blocked by
the Central Alps, discharge their moisture over the South-
Eastern side of Ortles-Cevedale chain. In the meanwhile,
the North-Eastern part of the domain features analogous
conditions due to the presence of Swiss Alps, which block
frontal systemsmoving from the north and force them to lose
humidity on the Switzerland side. The summer season, on a
meteorological point of view, is characterised by a marked
contrast between warm and moist air coming from the Po
Plain and a relatively fresh continental air in the north side.
Within this configuration, convective cells are promoted and
convective precipitation is developed, in contrast with winter
season where precipitation is generatedmainly by orographic
barring.
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The same maps of Figures 7 and 8 were also built by
the RK (not shown). While the annual cycle and the overall
spatial distribution are comparable to those reconstructed
by LWLR, pluviometric gradients were more smoothed out
due to the global regression approach applied. LWLR local
approach allows us to obtain a very detailed spatial distribu-
tion of the interpolated variable, and this could be particularly
interesting for heterogeneous orographic regions, such as the
considered one, but may lead to artefacts in case of poor
station coverage over complex terrains. On the contrary, by
considering elevation-precipitation relationship at a larger
scale RK smooths more out the punctual climatological
signal but provides more robust results in cases of low data
availability.
3.2. Anomalies and Trends. After reconstructing the clima-
tological field, the 1913–2015 gridded anomaly dataset was
computed, and its suitability for the analysis of the time
variability in precipitation series for a single grid point of
interest or for the whole domain was assessed. Model ability
in estimating anomaly series was evaluated in terms of BIAS,
MAE, and RMSE values obtained by the reconstruction of
station anomalies in LOO approach. Monthly MAE ranged
between 0.28 for wintermonths and 0.14 for summermonths.
The evolution of MAE during the entire period was also
analysed in order to evaluate the reconstruction reliability.
Due to the changes in quality and distribution of stations
during the period, we obtained higher values ofMAE, around
0.30, at the beginning and at the end of period, related to both
lower data coverage and quality. In the middle part of our
dataset MAE values were about 0.20. The evolution of BIAS
was more uniform, especially since 1960, and approximately
around zero.
The rather lowLOO-errors of the simulated anomalies are
due to rather high common variances between the anomaly
records of the different stations: the scatter plot of correlation
versus distance (Figure 11(b)) gives evidence of correlation
coefficients over 0.7 even for the highest possible distances
in the study area. The high common variance between the
station anomaly records is also highlighted by Principal
Component Analysis (PCA), the first eigenvector explaining
more than 80% of the variance of the data set of inner area
stations.
The high spatial coherence of the station anomaly records
suggests investigating trends focusing only on an average
inner area anomaly record. Short- and long-term trends for
the whole domain were evaluated both on annual and sea-
sonal scale. Long-term trendswere computed usingTheil-Sen
test, and their statistical significance was proved by Mann-
Kendall estimator [55–57]. Even if slope was slightly negative
for winter and spring series, suggesting a centennial reduc-
tion of precipitation over the area, and positive for summer,
autumn, and annual scale, the long-term trend has shown a
statistical significance below the 95% confidence level. Short-
term trends could be highlighted using an 11-year Gaussian
window filter with a 3-year standard deviation (Figure 9)
which smooths out random variability and evidences more
clearly the decadal fluctuations. In order to better describe
the complex time evolution of climatic signal, which cannot
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Figure 9: Annual rainfall anomalies. The red solid line represents
the short-term trend (11-year Gaussian filter, 3-year standard devi-
ation) and the dashed black line the Theil-Sen trend for the period
1913–2015.
be fully captured by theTheil-Sen slope on 1913–2015 period,
a running-trend analysis was also performed on annual and
monthly scale. Theil-Sen slopes and significance levels were
estimated within windows whose widths range from 20 years
up to the entire series length, running from the beginning to
the end of the series [26]. Figure 10 shows the results of the
running trend performed on annual precipitation anomalies,
where colours represent the values of trend while size of
pixels describes its significance. As already pointed out by
long-term trend analysis, trend values and significance are
mostly negligible over the longest time intervals, while more
evident trends occurred considering shorter time windows.
Years between 1925 and 1945 featured a clear negative trend,
while annual precipitation amount was found to increase in
both 1940–1960 and 1960–1980 periods.
3.3. Cross-Validation and Comparison at AWS1 Forni. The
inner area stations reconstructed precipitation records—ob-
tained superimposing the climatologies and the anomaly
records—were also validated by means of the LOO approach.
The MAE turned out to be about 15mm/month. The lowest
value was obtained for Silandro (ID 16 in Table 4) with
less than 9mm/month, while the highest value was found
for Valdisotto (ID 26 in Table 4) with over 30mm/month.
The MAE errors of all inner area stations are represented in
Figure 5.
We also computed the linear regression between the
simulated and measured values at all inner area station sites
(Figure 11(a)) and we found
𝑦sim = 0.96 𝑥obs + 1.36mm (𝑅
2 = 0.84) . (4)
The highest common variance (𝑅2 = 0.96) between the
reconstructed and the observed record was found for Rabbi
Somrabbi (ID 9 in Table 4); the lowest (𝑅2 = 0.66) was found
for Valdisotto.
A seasonal analysis was also performed using twomacro-
seasons: fall-winter (from September to February) and
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Figure 10: Running trends of annual precipitation anomalies.
Colours represent the value of trends while pixel size refers to trend
significance level. Trend evaluation is performed onwindows whose
widths range from 20 years up to the end of series starting from each
year in 𝑥-axis.
spring-summer (from March to August). The results were
similar to the all-data regression. They are reported below:
𝑦sim = 0.96 𝑥obs + 1.23mm (𝑅
2 = 0.86) fall-winter
𝑦sim = 0.96 𝑥obs + 1.54mm
(𝑅2 = 0.80) spring-summer.
(5)
Spring-summer reconstructions were generally less accu-
rate than fall-winter ones and this could be related to the
lower spatial coherence of precipitation in the summer
period.
Finally, the model performances were further assessed by
comparing modelled rainfall series and the measured values
collected by the AWS on Forni Glacier, not included in the
input dataset and located in a very remote and peculiar
area. The precipitation series from the AWS on Forni Glacier
counts 3563 days, from 1 October 2005 to 30 September
2016, and the number of complete months is 97 (no missing
days). All trustworthy monthly data between 2005 and 2015
were compared with the modelled series of grid point 2101,
which is the nearest to the average position of the AWS,
and the computed errors are 33mm/month for the MAE and
42mm/month for the RMSE. The comparison of monthly
data is shown in Figure 12(a). Considering an average of
cell 2101 and its eight nearest neighbours, the errors raise
to 38mm/month of MAE and 48mm/month of RMSE; this
could be due to the inclusion of lower values far from
the peak precipitation area of the watershed. These rather
high errors depend indeed on the difficulties in capturing
the exact position of the transition between the wet areas
influenced by southeasterly currents and the very dry Forni
Valley; however, they could also be strongly influenced by
the high uncertainties of the SWE evaluation method. In
fact, comparing the SWE values with the ones measured
for two winter seasons by a snow pillow, a RMSE value of
45mm w.e. was found [52]. In addition, even if the snow
surface over the Forni Glacier seemed to be homogenous, a
large spatial variability of snow depth was observed carrying
out numerous measurements through a snow weighting tube
(Enel-Valtecne©) around the AWS in February 2015 with a
standard deviation of 29 cm of snow; see, for example, Senese
et al. [52]. This is due to the high roughness of the ice surface
that causes different snow accumulation rate over the glacier
surface. Consequently, the error between the modelled series
of grid point 2101 and the ones observed at the AWS1 Forni
could be enhanced even by the high spatial variability of the
snow depth in high mountain areas.
A deeper temporal analysis highlighted a high seasonality
between simulated and measured precipitation (Figure 13);
in fact the winter period is underestimated by the model;
meanwhile the summer period is quite well depicted. The
uncertainties follow the same pattern: December to Febru-
ary RMSE (DJF, meteorological winter) is 59mm/month,
and MAE is 54mm/month, instead June to August RMSE
(JJA, meteorological summer) is 24mm/month, and MAE
is 18mm/month. The divergence between simulated and
measured data could be explained by the peculiar precip-
itation distribution over the area. The orographic effect of
Ortles-Cevedale chain is captured in the reconstructed field
(Figure 8), but discrepancies with AWS1 Forni data suggest
that the actual position of regime transition could not be fully
resolved by the model together with the chosen DEM grid
spacing. In fact, LWLR places the maximum rainfall (snow-
fall) over the crest, but especially for snowfalls, thewind could
transport snowflakes for several kilometres, and it could
create deposit far away from the precipitation maximum.
Other possible sources of errors could be the conversion of
snow height into water equivalent (see Section 2.4), for which
a constant snow density was used, and the measurement
itself of snow depth. In fact, these measurements could be
overestimated due to the wind that acts on snow cover,
changing its distribution and accumulating snow under the
sonic ranger.
In order to investigate wind effect, the wind patterns
were compared to days with big discrepancies between simu-
lated and measured data over all the period. Wind records
were retrieved from the anemometer installed at AWS1
Forni.
Daily differences were calculated as BIAS between
observed and simulated rain, and minimum threshold of
20mm was chosen. However, as shown in Figure 12(b),
many points lay under 5m/s of wind speed, and only eight
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Figure 11: (a) Scatter plot of monthly simulated LOO precipitation versus the measured precipitations for each station. (b) Scatter plot of
stations correlation versus distance.
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Figure 12: (a) Scatter plot of measured precipitations versus simulated precipitation at grid point 2101. The red line represents the linear
regression of data, meanwhile the black line represents the skill score 1 : 1. (b) Scatter plot of monthly model discrepancies versus wind speed.
Only discrepancies greater than 20mm are shown.
underestimated days have a mean wind speed greater than
5m/s. Only the 16% of points exceeded 5m/s threshold,
and they provided no evidence of a significant relationship
occurring between precipitation underestimation and wind
speed.
4. Conclusions
A statistical approach to project precipitation data on a high-
resolution grid and based on anomaly method was applied
over a complex mountainous terrain in the Central Italian
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Figure 13: Monthly distribution of discrepancies between simu-
lated and measured precipitation at Forni Glacier for the period
2005–2015. Positive values indicate an underestimation by the
model.
Alps. The database counts up to 734 rain gauges, and the
area where the climatologies were computed includes 30
quality-checked and homogenised stations. The 1961–1990
precipitation climatologies were spatialised over the study
domain by LWLR starting from the assumption that a strong
relationship occurs at local level between precipitation and
orographic features. LOO model errors ranged between
4mm and 10mm, in terms of mean monthly MAE. These
performances were compared to those obtained by global RK
that had a worse winter and better summer performances,
with a MAE ranging between 6mm and 11mm.Those results
allowed us to assess the goodness of the proposed method
for the reconstruction of monthly precipitation time series
at a specific point of the high-resolution grid. We also
appreciated the different spatialisation properties of the two
approaches. In fact, LWLR can better represent orographic
features than RK that, instead, smooths out such details; on
the contrary, the first one is more susceptible to outliers
and/or overestimations (especially during summer) than the
second one, in particular over those areas less covered by
stations.
Regarding the reconstruction ability of 1913–2015 anoma-
lies, monthly MAE along the whole period ranged from 0.14
to 0.28.
We verified the absence of statistically significant long-
term trends for the considered area; however short-term
trends were present. In particular, three positive tendencies
were found (1940–1960, 1960–1980, and the last decade) and
one negative during the 1920s. The spatialised climatologies
revealed a very dry area in the Northern part of our study
domain, corresponding to Venosta Valley; by observing sea-
sonal climatologies, a two-pronged behaviour of precipitation
for Upper Valtellina was found: a very dry winter, where
mountain barringmostly acts, opposed to a verywet summer,
when convective precipitation is prevalent.
The cross-validation performed for the 30 inner area sta-
tions showed that the key factor for reconstructing unbiased
precipitation fields is correctly capturing the spatial variabil-
ity of the monthly precipitation normals. It is therefore very
important to exploit the existing data as much as possible
in order to have the best spatial resolution of these data and
to recover all possible records even if they cover only rather
short periods. On the contrary, the high spatial coherence
of the anomalies allows capturing the temporal evolution of
precipitation over the investigated area with a much lower
number of stations. In this case, however, homogeneity is
a key issue and the availability of a reasonable number of
records turns out to be very important for homogenisation
procedures.
The spatialised fields were also compared with the in
situ measurements of the supraglacial automatic weather
station located since 2005 at Forni Glacier, which was not
included into the model database. We have obtained that the
model had well depicted the main pluviometric features of
the area, but it faced greater difficulties during winter, when
the Upper Valtellina is drier with respect to Sole Valley in
Trentino.The observed uncertainties could be explained with
an underestimation of the model in this watershed zone for a
misplacing of the transition zone, or with an overestimation
of winter snow measurements and/or distribution.
In conclusion the applied approach reveals many advan-
tageous aspects; in fact, from 30 in situ measurements it
allowed reconstructing at high resolution the precipitation
signal over an area of about 2000 km2. Therefore, this
approach could be particularly helpful if applied to a rather
complex mountainous terrain, where direct measurements
are poor and quite short, in order to understand and study
fragile environments in the frame of climate change.However
further researches are necessary to better investigate the role
of precipitation, temperature, and wind on the biological
component of glacier surfaces and forelands, especially if we
consider that they represent a changing habitat for life.
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Chapter 4
Reconstruction of a multi-secular record
of monthly total precipitation over the
Adda river basin (Central Italian Alps):
trends, variability and runoff
comparison
The chapter describes the results of the research activities focusing on the reconstruc-
tion of the long-term evolution of monthly precipitation onto a high-resolution grid
covering the upper Adda river basin (4508 km2), which is one of the main water Alpine
reservoirs in Northern Italy. The activities were managed in collaboration with the
Department of Civil, Environmental, Architectural Engineering and Mathematics of
Università degli Studi di Brescia (Italy) which dealed with the measurements of basin
runoff.
A database of monthly precipitation spanning more than two centuries (since ’700 to
present) was set up for a wide area centred on the basin by exploiting all the available
data sources and trying to maximise the data coverage for the high-elevation regions.
Some of the most remote series were retrieved from hardcopy yearbooks and digiti-
sation projects while the merging of mechanical data with the most recent automatic
records provided by the regional and subregional services allowed to update most se-
ries to present. Quality-check and homogenisation procedures were performed on the
resulting database, which includes more than 30 series starting before the 1850s. By
applying the anomaly method, a 30-arc second resolution grid of 1800-2016 monthly
precipitation series over the domain was obtained. It allowed to provide the areal
precipitation record of upper Adda river basin, to evaluate its variability and trends
and to perform the comparison with the recontructed secular record of annual runoff
69
70
from the catchment, which is one of the longest runoff series in Italy. The comparison
highlighted a significant long-term decrease in runoff coefficient which is likely to be
determined by the increase of evapotranspiration rates driven by both warming and
changes in land use and coverage.
The evolution of the reconstruction accuracy over the whole study period was evalu-
ated and rather low errors were observed even for the earliest decades thanks to the
large spatial coherence of anomalies which allows to provide a reliable precipitation
field even in the periods of lower data availability.
An interesting application of the obtained dataset is the reconstruction and analysis of
the spatial structure of specific past events of intense precipitation occurred over the
basin, therefore some of these episodes are reported as case studies.
More specifically, the chapter is composed by two sections:
• a preliminary study on the construction of a gridded dataset of 1845-2016
monthly precipitation records over the upper Adda basin in order to compare
the total areal precipitation evolution with the available runoff series spanning
the same period. The work provides a first evaluation of the suitability of the
retrieved database to project the secular precipitation signal onto the high-
resolution grid and a preliminary assessment of the annual long-term trends in
both precipitation and runoff. In addition, the extreme precipitation event of
November 2002 is reconstructed and it is used to evaluate the sensitivity of the
depicted field to the available station distribution.
The section is based on the conference proceeding published in open-access
version on the peer-reviewed journal Advances in Science and Research:
Crespi, A., Brunetti, M., Maugeri, M., Ranzi, R., and Tomirotti, M. (2018).
1845–2016 gridded dataset of monthly precipitation over the upper Adda river
basin: a comparison with runoff series, Advance in Science and Research, 15,
173-181. doi:10.5194/asr-15-173-2018
• a more comprehensive study in which the 30-arc second resolution dataset of
1800-2016 monthly precipitation series over the upper Adda basin is presented
and a detailed evaluation on the reconstruction accuracy in relation to the vari-
ation in data coverage is provided. The robustness of both the modelled 1800-
2016 records at station sites and the total areal monthly precipitation series of
the catchement is discussed. Long and short-term trends and variability of an-
nual and seasonal precipitation are analysed and the comparison with 1845-2016
runoff in terms of hydrological year is presented. The evolution of annual runoff
coefficients are discussed and the role of evapontranspiration in the observed
long-term change of hydrological cycle is estimated. The section is based on the
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manuscript submitted to the peer-reviewed journal Water Resources Research. It is
a part of a more extensive study performed on the evolution of water resources
for the Adda basin. The reconstructed areal precipitation series was in fact used
to analyse more in detail the runoff trends and variability, the response time of
the basin and the natural and anthropogenic forcings influencing the amount of
water disposal. The manuscript describing these results together with the analy-
sis of runoff variability at daily scale is going to be submitted to Water Resources
Research.
The research activities were also presented at international and national conferences,
published as conference proceedings and reported on a national journal in Italian lan-
guage in order to widespread the results on a larger public:
• Crespi, A., Brunetti, M., Mattea, E., Maugeri, M., Ranzi, R., and Tomirotti, M.
(2017). 1845-2016 gridded database of monthly precipitation series for Adda
basin (Italy): long-term variability and trend in rainfall-runoff comparison. EMS
Annual Meeting: European Conference for Applied Meteorology and Climatol-
ogy, Dublin (Ireland), Vol. 14, EMS2017-274.
• Ranzi, R., Goatelli, F., Castioni, C., Tomirotti, M., Crespi, A., Mattea, E., Brunetti,
M., and Maugeri, M. (2017). Long term statistics (1845-2014) of daily runoff max-
ima, monthly rainfall and runoff in the Adda basin (Italian Alps) under natural
and anthropogenic changes. Geophysical Research Abstracts, Wien (Austria),
Vol. 19, EGU2017-15469.
• Ranzi, R., Tomirotti, M., Michailidi, E.M., Brunetti, M., Crespi, A., and Maugeri,
M. (2018). Detection of rainfall and runoff trends of the Adda river in Lecco
(1845-2014) at different time scales. 13th International Conference on Hydroin-
formatics, Palermo (Italy), pp. 7.
• Ranzi, R., Bacchi, B., Tomirotti, M., Castioni, C., Brunetti, M., Crespi, A., and
Maugeri, M. (2018). Analisi delle tendenze di lungo termine nel regime degli
afflussi meteorici e dei deflussi dell’Adda a Lecco (1845-2014), L’Acqua, 2, 51-60.
4.1 A preliminary study on the secular total monthly pre-
cipitation record recostruction over the upper Adda
river basin
Adv. Sci. Res., 15, 173–181, 2018
https://doi.org/10.5194/asr-15-173-2018
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Abstract. A new high-resolution gridded dataset of 1845–2016 monthly precipitation series for the upper Adda
river basin was computed starting from a network of high-quality and homogenised station records covering
Adda basin and neighbouring areas and spanning more than two centuries. The long-term signal was recon-
structed by a procedure based on the anomaly method and consisting in the superimposition of two fields which
were computed independently: 1961–1990 monthly climatologies and gridded anomalies. Model accuracy was
evaluated by means of station series reconstruction in leave-one-out approach and monthly relative mean abso-
lute errors were found to range between 14 % in summer and 24 % in winter. Except for the period before the
1870s when station coverage is rather low, reconstruction errors are quite stable. The 1845–2016 monthly areal
precipitation series integrated over Adda basin was finally computed. The robustness of this series was evaluated
and it was investigated for long-term trend. While no significant trend emerged for precipitation, the analysis per-
formed on 1845–2016 annual runoff values recorded at Lake Como outlet highlighted a negative trend. Runoff
decrease is supposed to be mostly due to an increasing role of evapotranspiration linked to temperature increase,
which is only partially compensated by the increase in glacier melting rate. In order to test the applicability of
the gridded database for the reconstruction of extreme past events, the episode with the highest precipitation in
Adda basin series (November 2002) was considered and the corresponding gridded fields of monthly anomalies
and precipitation values were evaluated both with actual station density and with station densities corresponding
to 1922 and 1882. Even considering 1882 station density, the main spatial patterns are well depicted proving the
suitability of anomaly method to deal also with sparse station networks.
1 Introduction
The availability of long-term observational series of meteo-
rological variables is crucial to study the evolution of past cli-
mate and to detect climate variability and change. Projecting
climate normals onto high-resolution grids covering specific
regions of interest allows to complete the information about
temporal variability deriving from the secular sparse station
networks and to extract long-term series in absolute values
for any point of the study area. These gridded datasets pro-
vide a very useful tool to investigate more accurately possible
changes in the climatic variables, to perform areal trend anal-
yses and to support climate change impact studies. In particu-
lar, at basin scale gridded precipitation can be combined with
hydrological data to derive relevant information about inter-
connections occurring among climate, natural environment
and human activities as well as about their changes over time.
Several observational gridded precipitation datasets cover-
ing the pan-Alpine region have been recently produced at dif-
ferent spatial and time resolutions, such as the 10 min resolu-
tion monthly dataset proposed by Efthymiadis at al. (2006)
for the 1800–2003 period, the 1970–2008 daily dataset at
5 km resolution described in Isotta et al. (2014) and the most
recent 1901–2008 monthly precipitation dataset presented by
Published by Copernicus Publications.
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Masson and Frei (2016) with a grid-spacing of 5 km. One of
the methodologies which have been currently applied to in-
terpolate station network observations onto high-resolution
grid is based on the so-called “anomaly method” (e.g. New et
al., 2000; Mitchell and Jones, 2005) whose main assumption
is that any climatic signal can be described by the superim-
position of a spatial field of normal values for a certain ref-
erence period (i.e. the climatologies), and a spatio-temporal
field of anomalies from them. The two fields can be com-
puted separately thanks to their different features. Climatolo-
gies are strictly linked to orography and require a dense data
coverage as well as interpolation models taking into account
the spatial variability of the rainfall-orography relationship,
while anomalies, which exhibit higher spatial coherence, can
be computed starting from a less dense database but pro-
viding long and homogeneous time series properly cover-
ing the entire study period. Homogeneity and good quality
of data are mandatory to avoid non-climatic signals to affect
the long-term anomaly reconstruction.
We are currently working on the application of this
methodology to produce a gridded monthly precipitation
dataset for an area centred on the upper part of Adda river
basin and including neighbouring regions (8.8–10.7◦ E and
45.6–46.7◦ N, the blue box in Fig. 1). Adda river is one of
the main left-side tributaries of Po river, its upper catchment
covers about 4508 km2 and it is located in Northern Italy, and
to a lesser extent in Switzerland, over an area characterised
by a great orographic complexity. The upper part of Adda
river basin is a very interesting area both because it is sur-
rounded by a relevant number of secular precipitation records
and because it has an uninterrupted runoff daily record start-
ing from 1845, which was recently recovered (Ranzi et al.,
2017). Our goal is to obtain a secular precipitation record for
any point of a 30 arcsec resolution grid (∼ 1 km) covering
this region which could be investigated in trend analysis and
compared to hydrological data. The resulting dataset repre-
sents an update and improvement of already existing monthly
fields for the region since it is constructed by considering a
rain-gauge database including newly digitised data relative
to Adda basin, or close sites, and most series updated to the
most recent period. In this paper, we present the data and
the applied methods and we show some preliminary analyses
highlighting the potential of the gridded dataset of secular
precipitation records.
2 Materials and Methods
2.1 Data and Study area
The database we used to compute the secular monthly precip-
itation records for the upper part of Adda river basin is com-
posed by more than 2500 precipitation series located over a
wide region extending over Central-Northern Italy (latitude
above 43.7◦ N) and surrounding countries as shown in Fig. 1.
This very large area is considered to fully exploit available
precipitation records in the early period when there are no
data from stations located within the blue box region (Fig. 1).
Data were retrieved from both daily and monthly archives
of several national and international sources. The main data
providers were Regional Agency for Environmental Pro-
tection (ARPA) and Geological Monitoring Service (CMG)
in Lombardy, MeteoTrentino for Autonomous Province of
Trento, Autonomous Province of Bozen, MeteoSwiss and the
former National Hydrographic Service for the most ancient
data. Moreover, these data were integrated by those included
in databases available from previous works, such as Brunetti
et al. (2006), Auer et al. (2007), Brugnara et al. (2012) and
Crespi et al. (2018). Data collection was focused both on
maximising the spatial coverage over the study domain and
closer areas, especially where strong orographic gradients
occur, and on increasing the availability of long and homo-
geneous precipitation series over the entire considered pe-
riod. At this aim, precipitation data collected by the recent
automatic weather station networks were recovered and inte-
grated to those from the mechanical ones, and the most an-
cient data for some Italian records were digitised from hard-
copy historical archives (Servizio Idrografico, 1920, 1957).
Except for the series which were retrieved from already ho-
mogenised and quality-checked archives, all monthly pre-
cipitation series underwent a quality-check procedure (for
details see Crespi et al., 2018) aiming at removing spuri-
ous records or digitisation oversights and at detecting the
presence of relevant inhomogeneous periods. In addition,
the longest records showing possible breaks during quality-
check activity were considered for homogenisation by apply-
ing a procedure based on Craddock test (Craddock, 1979).
125 monthly series, 57 of which located inside the study do-
main, of an average length of 85 years were homogenised by
identifying more than 300 breaks. The applied corrections
lead to an overall decrease in reconstruction errors for ho-
mogenised series of about 10 % in comparison with those
obtained by considering original versions.
The resulting database covers more than two centuries
from 1750 to 2016 and 338 series are located inside the study
domain. Here we consider however only the 1845–2016 pe-
riod. While spatial distribution of stations over Adda basin
is relatively dense (about one station per 44 km2), the corre-
sponding data availability is highly variable over the study
period and no stations have data before 1873 (dashed line in
Fig. 2). However, the inclusion of outer stations with avail-
able data in the most ancient years allows to extend the com-
putation of precipitation fields over Adda basin back in the
past and to improve the robustness of reconstructed values
for the earliest period. These stations, especially the ones
at the greatest distance from the basin, do not influence the
reconstruction over decades of dense data coverage on the
study domain and they mostly contribute for the first decades
of the study period. In fact, the availability of records in the
past is very good if we focus on the entire area in Fig. 1 (solid
line in Fig. 2). From 1750 to the first half of the 19th cen-
Adv. Sci. Res., 15, 173–181, 2018 www.adv-sci-res.net/15/173/2018/
73
A. Crespi et al.: 1845–2016 gridded dataset 175
Figure 1. Distribution of the available monthly precipitation series. Study domain is contained in the blue square where the upper Adda river
basin area is bordered in white. Green dots represent the stations with the longest records (more than 120 years of data).
tury the number of active stations gradually increases reach-
ing about 50 observation sites. Since the second half of the
19th century this increase is more evident until 1921 when
more than 600 sites were operating thanks to the contribu-
tion of the new meteorological network managed by Italian
Hydrographic Service. After the negative consequences of
the Second World War on the management of station sites,
data availability reaches its maximum from 1951 to the last
decades of the 20th century with more than 1500 series. Over
recent years, the decrease in station availability is largely due
to the fragmentation of Italian meteorological network un-
der regional and sub-regional managements together with a
general disposal of mechanical stations which in some cases
were not substituted by the automatic ones. The database
contains 9 series with more than 200 years of data, 31 series
with more than 160 years and 120 series more than 120 years
long, 14 out of these located within the study domain (blue
box in Fig. 1). However, no one of these 14 stations has data
before 1861. Looking at the variation in mean inter-station
distance (i.e. the distance between each station and the clos-
est one) over the whole period, we could retrieve further in-
formation about the development in data coverage and the
spatial scales that can be effectively resolved in reconstruc-
tion analysis. The mean inter-station distance decreases grad-
ually from∼ 75 km (30 stations over the whole area) in 1845
to∼ 25 km in 1900 when 276 stations are available (25 out of
them located inside the study area). Its value reduces further
during the 20th century and it is about 8 km during the period
of maximum station availability (1951–2000).
As regards runoff, 1845–2016 monthly record for the sta-
tion of Fortilizio at Lake Como outlet was reconstructed from
data provided by Adda River Authority and National Hydro-
graphic Service or digitised from historical hardcopy and it
is the result of a procedure of merging and correction of data
collecting at different stations. In particular, the sub-periods
1845–1922, 1931–1934 and 1944–1945 were derived from
Malpensata and Malgrate water level gauges by applying a
linear relationship computed on the basis of available over-
lapping periods with Fortilizio series. Moreover, since 1946,
when a new dam in Olginate started lake regulation, runoff
values at Fortilizio were derived from the daily series of
Lavello station, located downstream of the dam and having
runoff data in common with Fortilizio for the period 1946–
1950. Thanks to this activity of data recover, a very long and
uninterrupted record of runoff for the upper part of Adda
river basin is now available for both climatological studies,
as discussed in the present work, and operative purposes as
decisional support tool in the management of lake regulation.
Further details on the reconstruction and analysis of outflows
and water levels at Fortilizio station can be retrieved in Ranzi
et al. (2017, 2018).
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Figure 2. Availability of monthly precipitation records over the whole period spanned by the database considering all stations (solid line)
and only stations located inside upper Adda river catchment (dashed line).
2.2 The anomaly method: gridding climatologies and
anomalies
The first step of the anomaly method is the calculation of
the station monthly normals that we estimated for the 1961–
1990 period as it corresponds to the best data availability of
our database. However, since a relevant fraction of stations
has missing data in 1961–1990 (about 40 % of stations in
the study area have no more than 50 % of available data in
this period), before computing their 1961–1990 monthly nor-
mals, series were subjected to the gap filling procedure pre-
sented in Crespi et al. (2018). Station normals are then used
both to transform the station records into anomaly records
and as input data for the model applied to get the 30 arcsec
monthly precipitation climatologies. Monthly climatologi-
cal fields are obtained, as described in Crespi et al. (2018),
for a smoothed version of 30 arcsec resolution digital eleva-
tion model by means of a Local Weighted Linear Regression
(LWLR) of precipitation versus elevation applied at each grid
cell:
p (x,y)= a (x,y)+ b (x,y) ·h (x,y) (1)
where h (x,y) is cell elevation and a (x,y) and b (x,y)
are the regression coefficients estimated at grid point. The
precipitation-elevation relationship at each cell is defined by
means of a weighted linear regression applied on neighbour-
ing stations. In fact, in order to prioritise stations which are
mostly representative of orographic conditions of target lo-
cation, they enter in the regression with weights depending
on their nearness and orographic similarity (elevation, slope
steepness, slope orientation and sea distance) to the grid cell.
More precisely, the weights are expressed as the product of
Gaussian functions, one per geographical feature (par):
w
par
i (xy)= e
−
(
(1par
i
(x,y))2
cpar
)
(2)
whose decreasing rate cpar is optimally defined for each grid
point and month by means of a minimisation procedure of
model errors. This approach is based on the assumption that
precipitation distribution is strongly influenced by the oro-
graphic features of the domain, especially elevation, and that
this link could vary along the year and at a very local level
(Daly et al., 1994, 2002). It is therefore supposed to be suit-
able to handle with complex domains such as Adda river
basin, where remarkable orographic gradients occur.
1845–2016 station monthly anomaly records, which are
defined as the ratio of absolute values to the correspond-
ing monthly normals, are then projected onto the same grid
points by means of a weighted average of neighbouring sta-
tions. Station weights are in the form of Eq. (2) and they take
into account distance and elevation difference from the grid
cell. The decrease of distance weight is regulated year by
year accordingly to the variation in data density over the re-
constructed period. More precisely, for each year the halving
distance of weight is set to the mean grid radius containing
at least three valid station measurements. This procedure al-
lows to use the fine-scale information available for periods of
dense station coverage and to exploit also the data available
from distant stations when data availability gets lower.
Finally, gridded anomalies and climatologies are super-
imposed by their product to obtain the 1845–2016 gridded
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Figure 3. 1845–2016 total annual precipitation (blue line) and annual runoff (green line) records for upper Adda river catchment together
with estimated Theil-Sen trends (red and black straight lines). Annual cumulates are computed considering solar year.
dataset of monthly precipitation records in absolute values
covering the whole upper Adda river basin.
Robustness of climatology and anomaly models was
assessed by reconstructing station monthly normals and
anomaly series in leave-one-out approach (LOO), i.e. by ex-
cluding the station under reconstruction in order to avoid
self-influence, and comparing them to measured values. All
the 338 stations within the study domain are considered
as validation subset. LOO evaluation was however possible
only since 1861 because there are no stations inside the con-
sidered area before this year. Relative Mean Absolute Error
(MAE) for the reconstruction of station anomaly series was
found to range, as monthly average, between 14 % in sum-
mer and 24 % in winter, whereas the mean common vari-
ance between observed and reconstructed series turned out
to be 0.86. The time evolution of MAE, evaluated year by
year over all reconstructed stations, presents higher and more
unstable values in the beginning period, when network is
sparser and few validation stations are available. However
the error turns out to decrease rapidly after the 1870s and
it remains quite constant around 20 % over the rest of the
spanned period (figure not shown).
3 Results and Conclusions
One of the most interesting applications of the dataset of
high-resolution gridded precipitation records we obtained for
the upper part of Adda river catchment is the reconstruc-
tion of an areal series of monthly precipitation from 1845 to
2016, obtained integrating precipitation over the catchment
domain. This series provides the total amount of precipita-
tion falling into the catchment area at any time step, informa-
tion not available using the original sparse station data with-
out applying the interpolation procedure. In order to evaluate
the effects of the variability in station coverage on the ro-
bustness of this series, we took as reference the precipitation
estimates for 1951–2000 period, which corresponds to the
years with the highest data density, and we iteratively recon-
structed them by varying station availability. More precisely,
1951–2000 areal precipitation record was iteratively evalu-
ated by using only the available data in each 5-year subse-
quent period from 1846 to 1950. All the simulated annual
records show a remarkable agreement with reference series
and correlation value rapidly increases from 0.72 when the
first 5-year availability is considered (1846–1850) to more
than 0.9 using the available stations after 1860.
Considering solar year, annual cumulated values of 1845–
2016 areal precipitation series are here presented in Fig. 3,
together with the corresponding yearly runoff values at Lake
Como outlet, spanning the same period and referring to the
same domain. Looking at Fig. 3, the evolution of the two
variables over the reconstructed period shows a great agree-
ment and the correlation value between their annual records
over the whole period is 0.79 suggesting the robustness of
the independently reconstructed datasets.
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Figure 4. Monthly anomaly and precipitation distribution over the domain in November 2002. Points on the second panel represent station
locations with available data and they are coloured in accordance to measured precipitation.
Both catchment precipitation and runoff yearly records
were subjected to trend analysis by means of Theil-Sen test
and Mann-Kendall estimator in order to assess and quan-
tify slopes and statistical significances of precipitation and
runoff trends over 1845–2016 period. Setting significance
level to 0.05, a negative but not statistically significant trend
was found for precipitation record with a Theil-Sen slope of
−5.1 mm decade−1, while a negative statistically significant
tendency was pointed out for runoff with a Theil-Sen slope of
−9.2 mm decade−1. We considered also the series of annual
runoff to precipitation ratio for which a significant negative
trend was found with a decrease of about 0.04 % per year.
The different behaviour of precipitation and runoff can be
possibly explained arguing an increase of evapotranspiration
losses due to the temperature increase, only partially com-
pensated by an increasing rate in glacier melting. However,
other not negligible factors could be ascribed as possible
causes of the significant decline of runoff from 1845 to date.
In particular, the growth of forest coverage occurred in the
last decades over the region and due to natural afforestation,
as discussed for instance in Ranzi et al. (2017), could have
contributed to increase the evapotranspiration rate (Birkin-
shaw et al., 2014). Also the changes in regulation of water up-
take for irrigation purposes over the last century could have
a significant impact on runoff regime. However further and
detailed information about the evolution of land-use and hu-
man activities have to be collected in order to quantify their
role in runoff variations.
Another important application of the high-resolution grid-
ded precipitation dataset is the reconstruction of extreme past
events. This task could be even more meaningful when deal-
ing with daily data. However, most series in our database has
daily resolution only after 1950, whereas before this year
daily data are available only for a fraction of records. We
limit therefore our analyses to the monthly resolution. In or-
der to assess the ability of the applied methodology to cap-
ture the occurrence and distribution of extreme events, we
consider as case study the month with the highest value in
catchment precipitation record (November 2002 with an av-
erage of 576 mm) and represent the spatial distribution for
both precipitation and anomalies over the domain in Fig. 4.
As highlighted by the distribution of station points, the con-
sidered month is characterised by a dense data coverage, with
more than 150 available stations inside Adda basin, which al-
lows to depict in detail the spatial pattern of the exceptional
precipitation event occurring over Adda river catchment dur-
ing the central days of the month.
In order to further assess the robustness of single event re-
construction also when a lower data coverage is available, the
anomaly and precipitation distributions for November 2002
are evaluated by reducing the number of series entering in
the reconstruction and selecting only the stations available
in 1882 and in 1922 (or the closest ones in case of records
ending before 2002), i.e. 120 and 80 years before 2002, re-
spectively (Fig. 5). As pointed out in Fig. 5, in both peri-
ods station availability is significant lower than in 2002 with
22 stations in 1922 and only one (Como station) in 1882 lo-
cated inside Adda basin. Despite data coverage discrepancy,
the comparison with the anomaly distribution obtained from
all stations operating in 2002 (Fig. 4) highlights a remarkable
agreement with the anomaly field depicted by means of 1922
station distribution (Fig. 5b). Even though the detailed struc-
ture of event is not completely captured, the leading spatial
features are still evident even when the lowest station cov-
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Figure 5. Monthly anomaly and precipitation distribution over the domain in November 2002 obtained by considering station availability in
(a) 1882 and (b) 1922. Points represent station locations with available data and they are coloured in accordance to measured precipitation.
erage of 1882 is considered (Fig. 5a). Moreover, the catch-
ment precipitation for November 2002 estimated by 1882
and 1922 station density turns out to be only 10 and 6 %,
respectively, lower than the one obtained with 2002 station
availability. This case study shows therefore that thanks to
the high spatial coherence of anomalies, the main features
of a meteorological event could be reconstructed even when
only a few number of stations is available and unevenly lo-
cated over the study area. This test confirms also the reliabil-
ity of the computed areal precipitation record for Adda basin
which was discussed above and it provides further informa-
tion about the impact of variations in station coverage on the
variability of modelled values.
The analyses we performed show the great potential of the
database and of the methodology applied for the construc-
tion of 1845–2016 gridded precipitation records. However,
further analyses are required to investigate more in detail the
error of grid point and catchment records, especially for the
periods with lower data availability, as well as to improve
trend evaluation by applying this analysis over different time
windows for both precipitation and runoff series. The results
could be useful to better explain the different behaviour of
precipitation and runoff over upper Adda catchment and to
identify the main forcing factors affecting the changes and
interactions of these two variables. These analyses are in
progress and they will be discussed in forthcoming papers.
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Data availability. The observation database of monthly precip-
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ISPRA (Istituto Superiore per la Protezione e Ricerca Ambientale)
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last access: June 2018), ARPA Lombardia (http://www.
arpalombardia.it/siti/arpalombardia/meteo/richiesta-dati-misurati/
Pagine/RichiestaDatiMisurati.aspx, last access: June 2018),
HISTALP archive (http://www.zamg.ac.at/histalp/, last access:
June 2018), the database of CNR-ISAC (Italian National Re-
search Council-Institute of Atmospheric Sciences and Climate)
– Milan University (contact the authors of this paper for data
requests), MeteoTrentino (https://www.meteotrentino.it/index.
html#!/content?menuItemDesktop=141, last access: June 2018)
and MeteoSwiss (https://gate.meteoswiss.ch/idaweb/, last access:
June 2018). The precipitation climatologies over the study area
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(http://www.isac.cnr.it/climstor/CLIMATE_DATA/, last access:
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4.2 A multi-century gridded dataset of monthly precipi-
tation records for the Adda river basin (Central Alps)
based on in-situ observations
4.2.1 Introduction
The temperature increase of global warming period has been particularly strong in
the Alpine region, which has recorded a significantly higher temperature trend than
Earth’s average one. This relevant temperature increase is documented by one of the
best networks of secular meteorological stations in the world (see e.g. Auer et al., 2007)
which gives evidence of a temperature increase of about 1.5 ◦C in the last 150 years,
recorded both at low-elevation and high-elevation areas (Böhm et al., 2001; Brunetti
et al., 2009). Beside temperature trend, also precipitation variability and changes in
its seasonality over the Alpine region were documented in the scientific literature (e.g.
Schmidli et al., 2002; Casty et al., 2005; Brunetti et al., 2006a).
Global climate change poses a grave threat to the Alpine hydrological system, caus-
ing a significant pressure on the key role that Alps have for water storage and supply
with potential impacts on economic activities, such as agriculture, energy and indus-
trial production, also over wide portions of surrounding valleys and plains (EEA, 2009;
Viviroli et al., 2006).
In order to better understand this problem, it is crucial i) to investigate the spatio-
temporal evolution of precipitation over Alpine areas on secular time scales, ii) to as-
sess long-term areal precipitation records for the main Alpine catchments and iii) to
compare them with the corresponding runoff records. The comparison with runoff
records allows in fact to highlight the effect of temperature induced changes in the oc-
currence of solid and liquid precipitation and its seasonality, in the snow water equiv-
alent (SWE) as well as in the contributions of melting glaciers and evapotranspiration
on the water disposal. High-resolution datasets of monthly precipitation have been re-
cently produced over the greater Alpine region (GAR) for example by Efthymiadis at
al. (2006) for the period 1800–2003 at 10-min resolution and by Masson and Frei (2016)
for the period 1901–2008 at 5 km resolution, while Isotta et al. (2014) provided a dataset
at 5 km grid spacing of 1971–2008 daily precipitation series. High-resolution analyses
of precipitation were also provided over smaller Alpine domains, such as by Golzio et
al. (2018) and Brugnara et al. (2012) for the central European Alps, by Gyalistras (2003)
for Switzerland and by Durand et al. (2009) for French Alps. Among the gridding
methods which have been proposed so far, the so-called “anomaly method” is one of
the most applied approaches (e.g. New et al., 2000; Mitchell and Jones, 2005). All these
gridding procedures aim at projecting the in-situ observations onto the cells of a regu-
82
lar grid, allowing to evaluate the climatic signal for a number of points which can be of
several orders of magnitude larger than the number of the available rain-gauges. Grid-
ded datasets find application in a wide range of analyses, including the validation of
regional climate models, the study of extreme events, the river runoff assessment and
the evaluation of long-term variability and trend (Daly, 2006). The long-term analyses
performed on both monthly and daily scales revealed different trends in total precip-
itation and in statistical indexes over different subregions of the Alps (e.g. Brunetti et
al., 2006a; Scherrer et al., 2016; Pavan et al., 2018). In addition to the spatial variability,
the significance and features of the trends were found to be dependent also on the pe-
riod considered for the evaluation, suggesting the need of continuous update for both
present and past years (see e.g. Brugnara et al., 2012).
In this framework, we applied the anomaly method to reconstruct a 30-arc second res-
olution dataset of 1800–2016 monthly precipitation records for an area centred over
the upper part of Adda river basin, which represents an important water reservoir in
Italian Central Alps for a wide portion of Northern Italy. This area is covered by a rel-
evant number of long meteorological observations and it has one of the longest runoff
records in Italy which has been recently recovered at daily resolution over the period
1845–2016 by Ranzi et al. (2017). It represents therefore a very interesting region to bet-
ter investigate the issue of the response of Alpine water resources to climate variability
and change.
The gridded precipitation dataset here presented constitutes an improvement to the
already existing datasets covering the area: it is based on a very dense observation
database spanning more than two centuries and containing quality checked and ho-
mogenised series retrieved from both national and extra-national sources, from new
digitisation of ancient data and from the recent automatic station records, which al-
low to extend the reconstruction up to date and to improve the data coverage, espe-
cially at higher elevations. In the last decades in fact a relevant number of rain-gauges
was established in mountainous areas where observations are requested for both hy-
dropower production and activities of prevention of natural hazards, such as land-
slides, avalanches and floods, which could occur over these vulnerable environments.
The availability of new long records allows to reduce the general difficulty in recon-
structing the spatial distribution and temporal variability of precipitation over moun-
tainous regions. The main limitations to the evaluation of a reliable climate signal for
these areas are in fact the uneven coverage of observations decreasing towards higher
elevations, the low availability of long secular station records, especially at daily res-
olution, and the highly heterogeneity of precipitation gradients due to the complex
interactions between atmospheric circulation and the roughness of the surface (Hay-
lock et al., 2008).
The paper aims at presenting the dataset, at assessing the robustness of the gridding
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methods in relation to the development of the station network and at describing the
multi-century record of areal precipitation extracted from the monthly gridded fields
for the upper portion of the Adda river basin. This record is then analysed to investi-
gate the trends and variability in precipitation regime over the basin and to perform the
comparison with the available runoff record over the period 1845–2016. All the anal-
yses were performed on monthly resolution only due to the low availability of daily
precipitation data before 1951, which are still stored in hardcopy yearbooks. However,
the monthly database allowed to extend the precipitation reconstruction back to 1800
when the study domain was covered by a very sparse station network. In addition,
the availability of total areal precipitation values for the basin over the first half of the
19th century could represent a valuable proxy-data which could help to estimate runoff
even when this information was not yet collected.
4.2.2 Materials and Methods
The study area
The present study focuses on an area centred on the upper part of the Adda river catch-
ment (45.6◦–46.7◦N and 8.8◦–10.7◦E, Figure 4.1b). This area will be called thereafter
study domain, while the word study basin will be used to specifically refer to the up-
per portion of the Adda river catchment (the region bordered by the yellow line in Fig-
ure 4.1). The Adda river is one of the main tributaries of Po river and its drainage area
covers little less than 8000 km2, which are located for 94% in Italy and 6% in Switzer-
land. The study basin includes an area of 4508 km2 mostly located over the southern
Alpine ridge in Lombardy region and characterised by a very heterogeneous orogra-
phy. It extends from the origin of the Adda river in the Rhaetian Alps to Lavello’s dam
at the Lake Como outlet, with the main valley (Valtellina) characterised by an East to
West orientation. The region is predominated by the mountain environment and rel-
evant height gradients ranging from about 200 m a.s.l. of Lake Como to more than
4000 m a.s.l. of Piz Bernina. The occurrence of several secondary valleys with narrow
and variously oriented axes enhances the orographic complexity of the domain. In ad-
dition, the study basin includes some of the main Alpine glaciers, which are located
in the groups of Bernina, Disgrazia and Ortles-Cevedale and directly contribute to the
hydrological cycle. In the last three decades, the province of Sondrio, where all the
Alpine glaciers of Adda basin are located except for the eastern side of Bernina whose
contribution could be considered negligible, experienced a strong reduction of glacier
coverage of about 30% and a volume loss of about 1.4 km3 for the period 1981–2007
(D’Agata et al., 2018). This loss corresponds to a mean annual contribution to the basin
runoff of about 5·107 m3 of water. This amount is relatively small (~1%) in compar-
ison with the yearly total water input due to precipitation, but it is mainly released
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during summer representing a significant support to water related activities when the
water demand is higher. The available projections of future glacier extent in the study
basin under climate change scenarios suggest a loss up to 2/3 of the present volume
by the second half of the 21th century (Garavaglia et al., 2014). This strong reduction
would lead to the disappearance of the water supply from glacier melting and to the
strengthening of the impacts of summer drought periods on water disposal. The water
resources of the study basin are in fact currently exploited for a wide range of activ-
ities on both valleys and surrounding plains, such as civil use, agriculture, industry
and, thanks to the mountainous features of the area, hydropower production. In order
to regulate the activities and the related water uptakes, a relevant number of artificial
reservoirs have been built over the past decades. The largest artificial reservoirs are the
lakes of Cancano and S. Giacomo, which can store about 200·106 m3 of water primarily
used for electricity production. The volume of artificial water storages integrates the
capacity of the natural reservoirs included in the basin, the most important of which is
Lake Como with a surface of 145 km2 and a volume of about 25 km3.
The observation database
The database used to compute the study domain gridded dataset of 1800–2016 monthly
precipitation series was set up by starting from the wide collection of monthly precipi-
tation records performed by Crespi et al. (2018) which is mainly based on the archives
of the former Italian Hydrographic Service (Servizio Idrografico, SI). Two different ap-
proaches were then adopted for the study domain (Figure 4.1b and red bordered region
in Figure 4.1a) and for the outer area (Figure 4.1a).
As regards the study domain, the activities of data collection and rescue focused on
improving the data availability by:
• including in the database the Trentino-Alto Adige/Südtirol
monthly records provided by the digitisation project “Before 1921”
(https://before1921.wordpress.com). These new data allowed to extend
into the past 37 series previously available only from 1921 and to add two new
records to the archive;
• digitising new data from the yearbooks of the former SI (Servizio Idrografico,
1920; 1925; 1959). After this activity, 28 series previously available only from 1951
were extended in the past. The records to digitise were selected by prioritising
the stations of the study domain with the longest time coverage and located at
the highest elevations, where the low availability of past in-situ observations is
more relevant;
• performing a new download of all the precipitation records available for the
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study domain from MeteoTrentino (updated at April 2017) and from MeteoSwiss
(updated at September 2017). In case of available homogenised version of Swiss
station series, they were preferred to the original ones;
• collecting all precipitation records provided by the mechanical and automatic
stations of the Regional Environmental Protection Agency (ARPA) and the Geo-
logical Monitoring Centre (CMG) of Lombardy. The records were integrated to
the database and the series of automatic stations were merged with those of the
mechanical ones allowing to overcome the general fragmentation of records oc-
curring at most Italian sites since the 1980s, due to the transition from manual to
automatic monitoring systems as well as the transition of the national rain-gauge
network from SI to the Italian administrative regions. However, the merging
activity was not trivial and required a careful study of the available metadata.
In some cases, in fact, the mechanical stations were dismissed and the new auto-
matic stations were established in completely different places so that their records
could not be integrated with the previous series. In other cases, the new rain-
gauges were kept rather close to the mechanical ones with just minor relocations
allowing the merging of the records after applying a homogeneity evaluation. In
a minor fraction of cases, finally, the new automatic stations were kept exactly at
the same site of the previous mechanical ones.
The precipitation records of the stations included inside the study domain are indeed
the mostly relevant ones for the goals and results of the work. However, no data are
available over this area before the 1860s and the station coverage remains quite sparse
over the following decades too. In order to improve the observation availability and
to get reliable information about the climate evolution also for the ancient years, it was
therefore necessary to include in the data collection activities a wider region around the
domain. For this region, all the longest series available from the monthly homogenised
archives of MeteoSwiss and HISTALP (Auer et al. 2007) were considered together with
the homogenised versions of some of the longest Italian precipitation records starting
in the 18th century or in the first half of the 19th century (Brunetti et al., 2006b). These
stations allow the evaluation of the precipitation signal in the earliest period, while
they provide a marginal contribution to the reconstruction in the following decades
when the station coverage over the study domain increases.
The collected series were then checked for quality and homogeneity, except for the ones
derived from already quality controlled and homogenised archives. The quality-check
procedure was performed, as described in Crespi et al. (2018), by comparing each mea-
sured series with a simulated one by means of neighboring observations. High errors
in the comparison allowed to detect and remove gross errors such as outliers, spurious
sequences of null values and digitisation oversights. The series showing high devia-
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tions from the reconstructions and those with less than 10 years of data were definitely
discarded from the database. When more than one source were available for the same
site, the record with the longest time coverage and the highest quality was retained.
The homogeneity was then evaluated by applying the Craddock test (Craddock, 1979)
on more than 400 monthly series at least 20-year long which were not derived from al-
ready homogenised archives and, in case of relevant breaks, the homogenisation was
performed. 125 series containing on average 85 years of data were homogenised by
identifying more than 300 breaks. By comparing again the homogenised series with
the simulated ones from surrounding station data, the reconstruction errors were sig-
nificantly reduced in respect with the values obtained for the original records.
The final monthly database contains 338 precipitation series inside the study domain
and 102 inside the study basin, while the stations outside the study domain with data
before 1861 are 53, with 10 stations having data before 1810. 120 series contain more
than 120 years of data and 14 out of them are located within the study domain. The
time evolution of the data availability for the study domain and inside the study basin
is shown in Figure 4.2. The first stations operating inside the study domain started in
1861, and in 1873 inside the study basin. The station density increased significantly
from the beginning of the 20th century thanks to the contribution of the new meteoro-
logical network managed by SI. After the difficulties due to the Second World War, the
greatest station availability is reached, especially from 1951 to the end of the century
when SI was closed and the Italian national network was fragmented into regional and
subregional managements with the concurrent transition from the mechanical to auto-
matic monitoring systems.
The inter-station distance, i.e. the mean distance between each station and the clos-
est one, over the whole area spanned by the database decreases gradually from about
150 km in the first decade, when less than 10 stations are available, to about 80 km in
1850 when 33 rain-gauges were operating and to 25 km in 1900 with more than 250
records. During the 20th century this value reduces further reaching about 8 km within
the study domain in the decades of maximum data availability (1951–2000).
The rain-gauge density varies significantly along the years also on altitude ranges (Fig-
ure 4.3). Most of the ancient sites are located at low elevations and the distribution
gradually becomes more homogeneous over all the elevation bands in the 20th century.
The improvement in the data availability for the highest elevations is mainly related to
the development of hydropower sites even if a relevant contribution, especially over
the last decades, derived from the increasing requests of meteorological monitoring
for the natural hazard prevention as well as for the touristic promotion and fruition
of mountains. Despite of this increment, the database is still not completely represen-
tative of the study domain since a relevant fraction of the grid cells are located above
2000 m a.s.l. (30%) where the coverage of in-situ data is lower or even missing.
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Figure 4.1: Spatial distribution of the available stations over a) the larger area sur-
rounding the domain and b) inside the study region. In panel a) only the station series
starting before 1861 are shown, in panel b) all the available records are reported to-
gether with the corresponding starting year.
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Figure 4.2: Availability of monthly precipitation of over the study domain (solid line)
and the study basin (dashed line).
Figure 4.3: Distribution of stations on elevation intervals in the year of maximum data
availability (1961, blue line) and 100 years before (red line) together with the elevation
distribution of the grid cells covering the study domain (dashed line). In 1861 all the
stations are considered, whereas in 1961 only those located inside the study domain
are used.
89
The interpolation scheme: from rain-gauge network to regular grid
The gridded dataset of 1800–2016 monthly precipitation records over study domain
was reconstructed on a 30-arc second resolution Digital Elevation Model (DEM) by
means of the anomaly method. In this scheme the climatic signal of precipitation is
reconstructed by superimposing the spatial fields of monthly climatologies and the
spatio-temporal fields of relative anomalies, i.e. the deviations from the reference for a
certain month. The two fields are computed separately and the final monthly estimate
is obtained by their product. The 1961–1990 monthly precipitation climatologies were
considered as the reference conditions. They were constructed by a local weighted
linear precipitation-elevation regression (LWLR). In this method the monthly precipi-
tation normal at each DEM cell is defined by applying the cell regression coefficients
(slope and intercept) to the cell elevation (Daly et al., 2002; Crespi et al., 2018). The
precipitation-elevation regression is computed giving more importance to the stations
which are mostly representative of the orographic conditions of the target point. For
this purpose, the stations enter in the regression with weights depending on their near-
ness and geographical similarity (e.g. elevation, slope steepness and slope orientation)
to the cell to estimate. The weights are of Gaussian shape and their halving factors
are locally defined month-by-month by means of a minimisation procedure of model
errors (Crespi et al., 2018).
In order to perform the LWLR the 1961–1990 normals of all the monthly stations were
computed after completing their missing records over the 30-year period (Crespi et al.,
2018). The chosen period of reference corresponds to the interval of maximum data
availability in the database and the resulting coverage of the study period is on aver-
age one station per 53 km2. In order to take into account the actual spatial scales at
which the interactions between atmospheric circulation and orography are expected
to occur, we smoothed out the too fine terrain details of the DEM but retaining the
original horizontal step of 30 arc seconds (Daly et al., 2002; Foresti et al., 2018). The
smoothing was performed by assigning to each cell a weighted mean of the elevations
of surrounding cells whose weights decay with distance as Gaussian functions with
halving distance of 3 km. Also in this case, the halving distance was defined on the
basis of the minimisation of model errors.
The relative anomaly fields were obtained by normalising the station records over the
period 1800–2016 to their corresponding 1961–1990 normals and interpolating them
over the 30-arc second resolution grid by means of a weighted averaging scheme. In
this method, the relative anomaly for a certain month at each grid cell is defined by the
weighted average of the surrounding station anomalies whose weights are expressed
again as the product of Gaussian functions depending on radial and vertical distance
from the target point.
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The halving distance of the radial weight was defined year-by-year according to the
evolution of data availability over the whole considered period. In particular, it corre-
sponds to the mean radius of the circle centred on the grid cells and containing at least
three stations with valid observations. The value rapidly decreases from about 200 km
during the earliest years to about 20 km in 1900 and it decreases further to 10 km after
the 1951 up to present. This approach allowed to exploit the fine-scale information
provided by the period of dense data coverage and to include the available records on
a larger area when the station distribution gets sparser.
The halving factor for the weight of elevation difference was set to 2250 m over the
whole period on the basis of a minimisation error procedure. It is relatively high and
so that the station weight are mainly defined by their nearness to the considered cell.
The 1800–2016 monthly precipitation records in absolute values over the grid were
finally obtained by multiplying the 1961–1990 monthly climatologies times the inter-
polated series of monthly anomalies. As examples of the resulting fields, in Figure 4.4
the precipitation distribution for the months featuring the highest total areal precipita-
tion on the study basin over each 40-year subperiods from 1861 to present are reported
together with the available station records. In particular, for November 2002 the ab-
solute maximum of the 1800-2016 total areal precipitation series on the study basin is
estimated with 584 mm as monthly total. The figure allows also to highlight the grad-
ually increase of data coverage over the study domain which passes from 8 stations for
the firstly considered event in 1882 to almost 200 stations in 2002.
4.2.3 Results
Climatologies, anomalies and precipitation records
The accuracy of the modelled values was assessed by reconstructing in leave-one-out
(LOO) approach the 1961–1990 monthly normals of the 338 stations inside the study
domain, i.e. by excluding the observation under reconstruction in order to avoid self-
influence. The model errors were evaluated in terms of mean error (BIAS), mean ab-
solute error (MAE), mean absolute percentage error (MAPE) and root mean square
error (RMSE). The error values are listed in Table 4.1. BIAS is almost null in all months
even if a slight tendency to underestimation, especially in summer, is depicted. De-
spite the lowest MAE values, which are mainly due to the drier conditions, the model
is affected by the greatest uncertainty in winter, when MAPE reaches the maximum
in January (16%). The greater errors in winter could be partly ascribed to the difficul-
ties in measuring the contribution from solid precipitation in high-elevated areas. The
wind-induced undercatch is in fact one of the main causes of precipitation underes-
timation at mountain sites, which are mostly exposed to intense winds and snowfall
events (Sevruk et al., 2009).
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Figure 4.4: Monthly precipitation fields of the events with the greatest total areal
precipitation on the study basin of the subperiods a) 1861–1900, b) 1901–1940, c)
1941–1980, d) 1981–2016. The points represent the monthly records at the available
station sites.
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MONTH BIAS MAE MAPE [%] RMSE
1 0.0 9.1 15.6 12.5
2 0.4 7.9 14.0 11.0
3 0.2 9.8 12.4 14.5
4 -0.1 13.7 12.1 20.5
5 -0.4 14.8 9.6 20.6
6 -0.3 12.6 9.3 16.6
7 -0.3 11.0 9.0 14.1
8 -0.5 11.1 8.0 14.8
9 -0.2 11.8 10.0 16.0
10 0.0 13.0 10.7 18.1
11 -0.2 13.6 12.3 20.3
12 0.2 8.0 14.3 11.6
Table 4.1: Monthly leave-one-out reconstruction errors of the 1961–1990 normals for
the 338 stations included in the study domain. Except for MAPE, all the values are
expressed in mm and BIAS is defined as the difference between simulation and obser-
vation.
As regards the annual precipitation climatology represented in Figure 4.5, the driest
area is located over the North-Eastern part of the study domain along the Venosta Val-
ley with less than 500 mm/year, while the highest precipitation values occur over the
Western portion of the study domain over the Como Prealps and the Canton of Ticino
with annual maxima exceeding 2000 mm, especially around the San Bernardino Pass.
Other wet conditions are evident over the Orobian Prealps, South of the basin, with
annual totals ranging between 1600 and 2000 mm, while the innermost part of Valtel-
lina, all along the river course, is characterised by lower precipitation values, especially
around Sondrio, where annual totals are below 800 mm/year. A similar regime is also
evident along the course of Oglio river flowing South-East of the Adda basin into Lake
Iseo where annual totals decrease of about 25% with respect to surrounding areas. The
mean annual precipitation normals for the study domain and the study basin are 1314
mm and 1296 mm, respectively. The driest conditions occur during winter over the
entire area, with less than 100 mm/season over wide portions of Valtellina, Grisons
and Venosta Valley (Figure 4.6). Except for winter, the precipitation regime is almost
invariant along the year, with slightly wetter conditions during summer when they are
mainly driven by convective phenomena enhanced by moist and warm Mediterranean
air at low levels and drier and colder continental currents at higher levels. Consider-
ing the average over the grid cells of the study basin only, the precipitation normal is
170 mm in winter (DJF), 350 mm in spring (MAM), 410 mm in summer (JJA) and 365
mm in autumn (SON). The yearly cycle of monthly precipitation over the study basin
is shown in Figure 4.7 and it points out that the precipitation contributions are rather
constant between April and November with a maximum in May.
The accuracy of the anomaly fields reconstruction was evaluated by simulating in LOO
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Figure 4.5: LWLR 1961–1990 annual precipitation climatology.
approach the monthly anomalies over the whole period of all the 338 stations within
the study domain and the errors were assessed by the comparison of the modelled
anomalies with the observed ones. Actually, the errors on station data reconstruction
could be computed only from 1864, because no record is available for the study domain
until 1861 and the data coverage before 1864, when most Swiss rain-gauges started op-
erating, is still too low to provide a significant evaluation of the reconstruction ability
at station sites. By considering all the available entries over the study period for each
month, MAE ranges from 0.24 in December to 0.14 in May, confirming the greater dif-
ficulty in capturing winter precipitation already highlighted by the LOO simulation of
station normals.
Figure 4.8 reports the time evolution along the 1864–2016 period of annual MAE and
BIAS obtained over all the available station anomalies at each time step. The highest
MAE values occur at the beginning of the considered interval with maxima around
0.30 when they are mostly affected by the uneven distribution and lower quality of
data. Thanks to the improvements in station coverage and measurement accuracy,
MAE gradually reduces over the following decades to about 0.20 and it decreases fur-
ther from the second half of 20th century during the period of best data availability
when it is around 0.15. A slight MAE increment is evident at the end of the interval,
which could be due to the decrease in the availability of updated data for the most re-
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Figure 4.6: LWLR 1961–1990 seasonal precipitation climatologies.
95
Figure 4.7: Yearly cycle of monthly precipitation normals over the study basin. The
values are expressed as percentage of the annual precipitation climatology.
cent years. The evolution of BIAS is more regular and, except for the first two decades,
the value is almost zero over the whole period.
In addition to reconstruction errors, the evolution of the correlation coefficients be-
tween simulated and measured station monthly anomalies was evaluated over subse-
quent 30-year intervals spanning the whole analysed period (Figure 4.9). It is worth
noting that the median of correlation values is above 0.9 for all intervals and the agree-
ment significantly increases from the second half of the 20th century concurrently with
the improvement in data coverage. The highest correlation coefficients occur during
the 1981–2010 period when the integration of a relevant number of stations, especially
at high-elevation, leads to a further reduction in the mean inter-station distance. On the
contrary, besides the earliest period, the lowest correlation occurs in 1931–1960 period
which probably reflect the overall temporary decrease in data availability and qual-
ity due to the difficulties in managing the meteorological network during the Second
World War.
In order to evaluate the reconstruction accuracy of the gridding anomaly procedure
and its evolution with the variability in station distribution, also over the early years
when no records are available within the study domain, an iterative procedure was
performed. The period 1801–1950 was divided in 30 consecutive 5-year intervals and
the 1951–2000 monthly anomalies of all the stations in the study domain were itera-
tively reconstructed in LOO approach by considering only the records of the stations
operating in each 5-year subperiod. The 1951–2000 period was chosen as reference as it
corresponds to the years of best station coverage. The same halving distance coefficient
already computed for each year whose data availability is considered (see section 4.2.2)
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Figure 4.8: Evolution of annual MAE (solid line) and BIAS (dashed line) of leave-one-
out reconstruction of the 1864–2016 station monthly anomalies available inside the
study domain. The differences between simulated and measured station anomalies
are considered.
was used and whenever a station record selected for the reconstruction did not cover
the period 1951–2000 the anomalies of the nearest available station were used in order
to prevent the reconstructions from being biased by the missing data. The distribution
of MAE values computed by comparing the measured 1951–2000 monthly anomalies
of each station in the study domain with the corresponding simulated series obtained
by varying the data coverage is reported in Figure 4.10.
The errors reduce significantly from the 1861 availability, when the first stations started
operating inside the study domain, and the MAE distributions remain almost stable
with median values around 0.2 onwards. It is worth noting that even if the coverage
before 1860 leads to larger errors, the distributions are similar, with medians around
0.4 in all cases, even for the lowest data coverage of the first years with very few sta-
tions entering in the interpolation.
The rather low errors obtained from the reconstruction of station anomalies over al-
most the whole validation period are mainly due to the large spatial coherence of
anomalies which allow to reconstruct a reliable climatic signal even when the data
density is lower. The distribution of the correlation between the anomaly records of
all the station pairs within the study domain as function of their distance shows in fact
correlation values above 0.7 even for distances greater than 70 km (Figure 4.11).
Finally, the accuracy in reconstructing the secular monthly precipitation records in ab-
solute values was evaluated at station sites by converting the LOO monthly anoma-
lies into millimeters by multiplying them times the corresponding LOO normals. The
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Figure 4.9: Distribution of correlation coefficients between simulated and measured
monthly anomalies for the available stations inside the study domain over five subse-
quent 30-year periods. In each case, the correlation was computed only for the series
with at least 80% of valid entries in the considered interval. The boxes represent the
inter-quartile range of the distribution and the median is reported by the bold line; the
whiskers represent the 5-95% quantile range.
Figure 4.10: Distribution of MAE values obtained from the reconstruction of the
1951–2000 monthly anomalies of all the stations in the study domain by considering
only the records from the rain-gauges available in each 5-year subperiod from 1801 to
1950. The boxes represent the inter-quartile range of the distribution and the median
is reported by the bold line; the whiskers represent the 5-95% quantile range.
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Figure 4.11: Distribution of correlation coefficients between all the station pairs within
the study domain versus their distance. The correlation was evaluated only for the
series with at least 30 years of valid entries.
largest fraction of MAPE values obtained by the comparison of the station simulations
with observations over the 1864–2016 period ranges between 15.9% and 22.8% and the
average value is 20.0%. The greatest errors, with MAPE values above 40%, are pointed
out only for four stations all located in mountain environments. They show a system-
atical underestimation of monthly precipitation, which is particularly evident for the
two records relative to the sites above 2000 m a.s.l. at San Bernardino Pass and Bernina
Pass, respectively. The difficult reconstructions could be due to the fact that they are
isolated sites on the tops of narrow valleys characterised by strong pluviometric gra-
dients with very wet conditions over high-elevations and rapidly drier regimes over
the bottoms, where most observations are located. This uneven data distribution in
such complex conditions does not allow to fully capture the high-precipitation regime
of the two sites in the LOO simulation. On the contrary, the precipitation series show-
ing the greatest overestimations in reconstruction and MAPE above 30% are Trepalle,
Fusine and Lago della Vacca. In this case, the low agreement with observations could
be ascribed to both a possible underestimation of solid precipitation by rain-gauges
and the low representativeness of the network for the areas in which they are located,
featuring relevant altitude gradients and heterogenous climatic conditions with sharp
transitions of pluviometric regime within very short distances.
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The 1800–2016 monthly areal precipitation record of the study basin:
record reconstruction and validation
The 1800–2016 monthly areal precipitation record of the upper part Adda river basin
was obtained by summing for each time step the precipitation contributions from all
its grid cells scaled for their areas:
qt =∑
j
pj,t · Sj · f j (4.1)
where qt is the areal precipitation for the time step t, pj,t is the precipitation recon-
structed for the time step t at the grid cell j and Sj and f j are the cell area and the
fraction of cell contained in the basin, respectively. In order to express the precipita-
tion record in millimeters, the computed values were finally normalised by the basin
total surface. The availability of the gridded precipitation dataset allowed to assess the
study basin total precipitation at any time step over the whole considered period. It
is worth underlining that this information can be retrieved by means of the anomaly
method interpolation chain and not directly from the absolute station records only: if
the monthly precipitation fields were estimated by simply interpolating the monthly
records of available stations, the study basin areal precipitation would be significantly
underestimated, at least before 1951. The underestimation results particularly high be-
fore the 1860s of about 30% and decreases to about 10% in the following years until
1900. After that the bias gradually decreases, even though it remains above 5% until
1951. This outcome reflects the fact that the station distribution before 1951 is biased
towards low level areas, where also precipitation normals are generally lower than
on higher elevation regions. The anomaly method integrates the spatial precipitation
gradients contained in the climatological fields allowing to avoid the bias due to the
uneven station coverage in the resulting areal precipitation records for the study basin.
However, even though unbiased over the whole study period, the confidence on this
record varies significantly over time. In order to evaluate the evolution of uncertainty
in relation to the variation of the rain-gauge coverage over the study period, we used
the same iteratively reconstruction procedure applied to station anomalies and de-
scribed in section 3.1. Since the actual monthly total precipitation series over the basin
is unknown, the estimated values over the 50-year of best data availability (1951–2000)
were considered as reference as they are expected to be characterised by the highest
reconstruction robustness. For each 5-year subperiod from 1801 to 1950, the 1951–2000
monthly precipitation record of the basin was reconstructed by computing the monthly
anomaly fields only from the data of the available stations in the considered interval.
At each iteration, the gridded dataset was rescaled to absolute values by means of the
1961–1990 climatologies and equation 4.1 was applied to get the areal precipitation es-
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timates which were compared to the reference one. In particular, MAPE values were
computed for each iteration as follows:
MAPEi =
1
T
·
T
∑
t=1
| p˜t,i − pt|
pt
· 100 (4.2)
where p˜i,t is the simulated basin precipitation for time step t by considering the station
availability in subperiod i, pt is the reference precipitation value at time t, T is the total
length of the series and t runs from January 1951 to December 2000.
The error evolution is very similar to that obtained from the validation on station
anomalies as shown in Table 4.2. The MAPE computed on annual scale is about 10%
for all the station coverages before 1855, it decreases to 7% by considering the data den-
sity of 1856–1860 and to 4% with the availability of 1861–1865 when the first stations
inside the study domain started operating. The annual error reduces further to 2%
with the station availability from 1881 and to 1% by taking into account the network
coverage from 1921. The correlation coefficients between 1951–2000 simulated and ref-
erence precipitation records on annual scale show the same behavior as MAPE: the
correlation for the reconstruction with the first data distribution is 0.72 and it remains
substantially invariant until the station coverage of 1856–1860 for which the correlation
increases to 0.87. By taking into account the station availability from 1861 the correla-
tion turns out to be 0.96 and it increases further with the development of the network,
especially from 1911, when the rain-gauge distribution allows to reach a correlation
coefficient of 0.99 between simulated and reference values.
It is worth noting that the robustness of the reconstruction with the low observation
availability in the first decades is relatively high and errors are constantly around 10%
even when less than ten stations are used for the interpolation. In order to assess the
meaningfulness of the information on the study basin we get from these few stations
all outside the study domain, we extracted 1000 sets of 50 random values from a nor-
mal distribution with the same mean and standard deviation as the 1951–2000 annual
precipitation series and the corresponding MAPEs were computed. The average error
turns out be 20%, which proves the consistency of the estimated accuracy for the re-
constructions performed by means of the station availability of the early period and
gives evidence of the ability of the database to provide a reliable climate signal over
the basin even for the most remote years by exploiting all the available observations.
Very similar outcomes are depicted also on seasonal scale. The lowest agreement is
pointed out for winter with MAPE of about 30% for the data availability of the first
decades, when all the rain-gauges were located at low elevation, and it decreases below
5% only after 1910. For all the other seasons, the reconstruction errors are below 5%
already from the 1881, when only 4 stations were operating inside the study basin, and
they generally reach 2% by using the data distribution after 1910.
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YEAR DJF MAM JJA SON
5-YEAR DATA AVAILABILITY MAPE [%] COR MAPE [%]
1801-1805 9.5 0.72 28.8 23.4 15.5 25.2
1821-1825 9.9 0.69 29.4 23.9 17.2 25.2
1841-1845 9.9 0.72 29.2 24.4 16.7 22.8
1856-1860 7.1 0.87 22.7 18.7 12.3 18.3
1861-1865 3.8 0.96 16.5 7.1 6.3 7.8
1881-1885 2.0 0.99 7.4 3.8 3.7 4.2
1901-1905 2.2 0.99 8.0 3.4 3.7 4.1
1911-1915 1.6 0.99 4.3 2.3 2.4 2.7
1921-1925 1.1 >0.99 3.4 1.6 1.7 1.9
Table 4.2: Annual and seasonal MAPE values of the reconstructed 1951–2000 total pre-
cipitation series by considering the data availability in some selected 5-year subperiods
from 1801. For the annual simulations only, the correlation with the values obtained
from the actual 1951– 2000 data availability is reported too.
Variability and trends of the secular precipitation record of Adda basin
The 1800–2016 annual and seasonal precipitation records for the study basin were anal-
ysed for long-term trends by performing the Theil-Sen test (Theil, 1950), while the sig-
nificance of trends was assessed by the Mann-Kendall test (Kendall, 1938). The annual
and seasonal series in absolute values are reported in Figures 4.12 and 4.13, together
with the corresponding Theil-Sen fits and the 11-year Gaussian filters with 3-year stan-
dard deviation. Considering a confidence level of 0.05, a significant negative annual
trend of -5.1 mm decade−1 was pointed out, while, on seasonal scale a negative ten-
dency is depicted in all cases even though the trend turns out to be significant only for
the autumn precipitation series with a loss of 4.2 mm decade−1. The negative trend
depicted for the whole period is likely to be largely driven by the wet conditions char-
acterising the beginning of the 19th century. In addition, as discussed in the previous
section, the first period of the series is affected by a higher uncertainty which has to be
taken into account in the evaluation of the whole trend. By excluding the first decades
in fact the annual trend remains negative, but its significance decreases far above 0.05,
suggesting that future analyses are needed to further investigate the actual occurring
long-term tendency in annual total precipitation over the basin. On the contrary, the
negative trend in autumn precipitation series remains significant even by excluding
the first decades, suggesting a possible long-term change in the precipitation regime of
the autumn season, which requires to be further analysed in future studies.
In order to investigate the variability of precipitation over the basin on a finer time-
scale, a running-trend analysis was performed on the 1800–2016 annual and seasonal
records. More precisely, the Theil-Sen slopes and Mann-Kendall significance levels
were computed on windows of increasing width from 20 years up to the entire period
spanned by the series and running from the beginning to the end of the record. The
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Figure 4.12: 1800–2016 annual series of total precipitation of upper Adda river basin
(solid black line) together with a 11-year Gaussian filter with 3-year standard deviation
(red solid line) and the Theil-Sen linear fit (dotted line).
Figure 4.13: 1800–2016 seasonal series of total precipitation of upper Adda river basin
(solid black lines) together with 11-year Gaussian filters with 3-year standard deviation
(red solid lines) and the Theil-Sen linear fits (dotted lines).
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Figure 4.14: Running trend of annual precipitation anomalies. Trend values are ex-
pressed by colors while the significance of trend is represented by the size of the pixels.
running trend on annual values (Figure 4.14) confirms a negative long-term tendency
which assumes statistically significant values only if almost the whole period is in-
cluded in the evaluation. A more relevant variability in precipitation regime is evident
at shorter time scales with a sequence of wetting and drying conditions, especially in
the first half of the 20th century. A high frequency variability was also pointed out
for seasonal records (Figure 4.15), while only the autumn series shows a significant
drying tendency at long-time scale, which persists even varying the beginning of the
considered window. It is interesting to note the strong negative trend in spring precip-
itation series starting from the 1910s that is evident also for time windows longer than
50 years. This trend is due to the rather lower values from the 1940s which are inter-
rupted by a relevant increase in the 1970s (Figure 4.13b). After this decade, however,
spring precipitation returns to be rather low and it shows significant negative trends
even over 100-year long periods starting around the 1910s.
Comparison of basin precipitation and runoff series
The computed study basin annual precipitation series was compared to the available
annual runoff record covering the period 1845–2016. The comparison was performed
by considering the hydrological year, i.e. from September to August, in order to take
into account the fraction of precipitation falling as snow during autumn and winter
which is released during the following spring and summer months. This is also the
12-month period providing the highest correlation between precipitation and runoff.
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Figure 4.15: Running trend of seasonal precipitation anomalies. Trend values are ex-
pressed by colors while the significance of trend is represented by the size of the pixels.
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The correlation coefficient between the annual series passes from 0.82 if solar year is
considered (January-December) to 0.91 if the 12-month totals over the defined hydro-
logical year are compared.
This comparison highlighted that the mean annual runoff coefficient, i.e. the the ratio
between runoff and precipitation, on the whole period (September 1845 – August 2016,
hereafter 1846–2016) is 0.867 corresponding to about 170 mm of precipitation losses per
year by means of evapotranspiration which is the main mechanism acting on water
loss from the basin. A previous study at specific sites located in Valtellina suggests
that lower runoff coefficients should be expected for the area (Ranzi and Bacchi, 1998),
moreover other literature works focusing on several basins of the Alpine region sug-
gest that a more realistic estimate of the actual evapotranspiration in the study basin
should range between 300 and 400 mm (Gurtz et al., 1999).
The rather high value we found for the mean annual runoff coefficient could be as-
cribed to an underestimation of the basin precipitation climatologies, which may re-
flect the difficulties of rain-gauges in correctly measuring precipitation, especially in
presence of solid precipitation. This is a well-known problem, particularly affecting
the Alpine region precipitation dataset. Isotta et al. (2014) warn about the contribution
of rain-gauge undercatch in the uncertainty of gridded precipitation fields, especially
during episodes of strong wind. The magnitude of the undercatch depends in fact on
the wind speed, the precipitation type, rain or snow, and intensity, however it could
account for up to several 10 percents (Sevruk, 1985; Richter, 1995; Frei and Schär, 1998).
Ranzi et al. (1999) showed that the underestimation of snow precipitation for a rain-
gauge network covering the area of the main northern tributaries to the Po river in
Piedmont, Lombardy and Trentino-Alto Adige, thus including also the study basin,
could range between 30% and 70% depending on the location.
It is however worth noting that the recent temperature increase could lead to a lower
impact of gauge undercatch by reducing the fraction of precipitation falling in solid
form in respect with the past. We could therefore expect that the actual long-term
trend of basin precipitation could be more negative than the observed one. A detailed
analysis aiming at assessing the influence of the undercatch variation over the years on
the resulting long-term trend of precipitation could represent a very interesting issue
to be investigated in the future.
Besides the undercatch of precipitation especially at high elevation, another source of
errors in the precipitation climatologies may also rely on the fact that station coverage
over the study area is not fully representative of the orography, with a relevant reduc-
tion of available in-situ observations towards the high-elevation areas. This uneven
data distribution could influence the evaluation of precipitation-orography relation-
ship performed by LWLR interpolation of climatologies where the higher number of
low-elevation sites entering in the regression at grid cells over mountainous regions
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Figure 4.16: Evolution of the annual (hydrological year) runoff coefficient (black solid
line) together with the 11-year Gaussian filter with 3-year standard deviation (red solid
line) and the Theil-Sen linear fit (dashed line).
could smooth out the actual elevation-precipitation gradients. This problem is found
to lead to large errors in the climatologies of high-level areas when the station network
is strongly biased towards low-level areas as recently highlighted by Lussana et al.
(2018) and Crespi at al. (2019) for Norway. Over the study basin, however, the station
coverage is reasonable at least up to about 2000 m so that the problem of sparse net-
work is expected to influence more the accuracy of the single grid cell estimates rather
than to produce systematic errors. For this reason, the averaging over the entire study
basin should reduce further this problem.
The comparison between basin precipitation and runoff pointed out that the yearly
runoff coefficient is not constant over time (Figure 16). The trend analysis was per-
formed over both the entire record and on shorter time intervals by applying the
running trend evaluation (Figure 4.17). A significant negative trend of about -0.6%
decade−1 was pointed out over the whole period. The running trend points out the
occurrence of significant negative tendency for nearly all windows at least one century
long. On shorter time scales significant decreases are also evident for windows start-
ing around 1850 and in the 1910–1930 period. Strong decreases are finally evident for
windows starting in the 1930s and in the 1980s and spanning 20-30 years.
Performing the trend evaluation on both annual runoff and precipitation over
1846–2016 period, runoff series experiences a clear negative trend of -10.6 mm
decade−1 and a Mann Kendall p-value below 0.01, while precipitation values show
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a decreasing tendency but not statistically significant.
One of the main causes of long-term runoff losses could be ascribed to the increase
in evapotranspiration induced primarily by temperature increase. Another contribu-
tion to the variation of the evapotranspiration rate over the study basin could derive
from changes in land-use occurred over the last century, with the expansion of forest
coverage enhanced by the gradual decline of human communities and pastures over
the mountainous areas (Guidi et al, 2014). Also the construction of artificial reservoirs
could have an impact on the variation of measured runoff by modifying the natural
hydrological processes. In particular, the large number of reservoirs built for electric-
ity production from 1930 to 1970 reaching about 500 · 106 m3 of total storage volume
(Consorzio dell’Adda, 2003), which corresponds to slightly less than 10% of mean an-
nual runoff, could have influenced the variability of runoff to precipitation ratio. In
addition, the recent enhancement of glacier melting is likely to slightly mask the actual
long-term tendency in the evolution of runoff coefficient which, without the contribu-
tion from glacier melting, could be even more negative than observed.
Looking at Figure 4.16, it is worth noting the presence of some years in which the runoff
coefficient is greater than one, even if runoff excess is less than 10% in all cases. Most of
these events occur before 1880 when the uncertainty on both runoff and precipitation
reconstructions is higher, however, a sporadic excess of runoff could be produced by
the many factors acting on the hydrological cycle on different time scales. In particular,
the total runoff for a certain year could be significantly influenced by the precipitation
that occurred in the previous hydrological year, especially in last months.
4.2.4 Conclusions
The 1800–2016 monthly areal precipitation series for the upper part of the Adda river
basin was computed by means of the anomaly method and a quality-checked and ho-
mogeneous database of monthly station records spanning more than two centuries and
covering a wide area centred on the study domain. More specifically, the monthly sta-
tion anomalies in respect with the 1961–1990 normals were interpolated onto a 30-arc
second resolution grid by a weighted averaging approach where station weights de-
pend on distance and elevation difference from the target cell. The fields of 1800–2016
precipitation series in mm were finally obtained by multiplying the monthly anomaly
fields times the gridded 1961–1990 climatologies which were computed by the LWLR
scheme.
The errors of anomaly and climatology reconstructions were evaluated separately by
means of the LOO validation on station data. In both cases, the greatest errors were
observed for winter months which could be partly ascribed to a general difficulty in
correctly measuring the solid precipitation, especially at the high-level sites. As re-
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Figure 4.17: Running trend of annual runoff coefficient (hydrological year). Trend val-
ues are expressed by colors while the significance of trend is represented by the size of
the pixels.
gards the temporal evolution of the anomaly reconstruction accuracy, MAE is about
0.2 already from the 1880s and BIAS is almost null over the whole analysed period.
The evolution of the accuracy of areal precipitation estimates in respect with the vari-
ability in data coverage was evaluated too and MAPE on annual values turned out to
rapidly decrease from about 10% over the first decades to 4% from the 1860s and to 2%
from the 1880s. These rather low errors, even for the years of sparse data coverage, are
obtained thanks to the anomaly-based method which has been proved to avoid signif-
icant underestimations in areal annual precipitation which occur by interpolating the
station absolute values directly.
Significant negative trends were found for the 1800–2016 annual and autumn areal
basin precipitation records only, even if the significance of the annual signal decreases
far above 0.05 by excluding the first decades.
The comparison between the 1845–2016 basin precipitation and runoff records on hy-
drological year showed a high correlation. However, the resulting mean annual runoff
index of 0.876, corresponding to about 170 mm of precipitation losses per year, was
found to be higher than expected from literature for the area suggesting a possible un-
derestimation of basin precipitation. The bias in the precipitation reconstruction could
be partly due to the rain-gauge undercatch, especially in mountainous areas, and the
uneven station coverage decreasing towards the high-level regions, even though fur-
ther analyses are required in order to better assess the sources of uncertainty.
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The Theil-Sen trend on runoff coefficient series showed a long-term significant de-
crease of -0.6% decade−1 corresponding to a relevant decrease in annual runoff of al-
most -11 mm decade−1, as a consequence of the increase in evapotranspiration. Both
warming and changes in land use and coverage could contribute to evapotranspiration
variation. In addition, a small contribution to runoff could derive from the accelerated
melting of basin Alpine glaciers during the recent decades which could slightly reduce
the actual runoff losses. A more detailed discussion of natural and anthropogenic con-
tributions to the variation of the hydrological cycle of the study basin will be provided
in forthcoming papers.
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Chapter 5
Variability and trends in monthly
precipitation over Sardinia
The chapter presents the results obtained from the research activities performed over
Sardinia in order to provide a high-resolution description of the spatial distribution of
monthly precipitation normals over one of the main Mediterranean islands and to as-
sess the precipitation evolution over the recent past. 1961-1990 monthly precipitation
climatologies at 30-arc second resolution were estimated for the region and the 1922-
2011 station records were then projected onto the same grid by the anomaly-based
approach. At this aim, more than 300 monthly records were retrieved from hardcopy
archives and subjected to quality assessment and homogenisation procedures. The
1922-2011 average monthly series for the region was computed and analysed for long-
term trends, while the annual climatologies over consecutive 30-year periods from
1931 to 2010 were reconstructed and compared in order to assess the decadal variabil-
ity in the spatial distribution of precipitation normals over the last century. The results
were presented at the 6th International Conference on Meteorology and Climatology of
the Mediterranean and they will be discussed more in detail in a forthcoming paper.
5.1 Introduction
The availability of high-resolution datasets of precipitation records spanning long pe-
riods is a crucial requirement in order to perform detailed studies on the evolution
and changes in water resources and climate variations over specific regions. Gridded
datasets allow in fact to reduce possible biases due to the uneven distribution of data
over the domain and to provide more robust areal precipitation estimates.
Global warming is expected to modify the water cycle (Huntington, 2006) and pre-
cipitation regime in the next future with relevant consequences on the economical ac-
tivities, especially agriculture and energy production, the biodiversity and landscape,
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as well as the development of the human communities. Recent studies have high-
lighted increased precipitation in northern Europe, North America and northern and
central Asia while a drying tendency has been found in the Sahel, the Mediterranean
basin, southern Africa, and parts of southern Asia (Hess et al., 1995; Sharma et al.,
2000; Hamilton et al., 2001; Boyles and Raman, 2003; Liu et al., 2008; Lebel and Ali,
2009). Moreover, the climate projections depict in many mid-latitudinal and subtrop-
ical dry regions a possible decrease in mean precipitation with increasing frequency
of long dry-spells, while in many mid-latitudinal wet regions, mean precipitation will
be likely to increase. Extreme precipitation events over most of the mid-latitudinal
and wet tropical regions are also likely to increase in both magnitude and frequency
as a consequence of the increasing moisture in atmosphere (IPCC, 2013). However, the
climate signal could be highly variable in relation to the spatial scale of analysis. In par-
ticular, the Mediterranean regions experience a high spatio-temporal variability in pre-
cipitation regimes due to the position between tropical and mid-latitude climate, their
complex topography as well as the influence of the Atlantic Ocean (Lionello, 2006).
Many climate studies focused on the reconstruction of long-term evolution of precip-
itation and its variability over regional and subregional Mediterranean domains. For
most Mediterranean regions a general decrease in winter precipitation has been ob-
served over the last decades, especially in Greece (Freidas et al., 2007), Turkey (Toros,
2012) and over the inland of Spain (González-Hidalgo et al., 2009; 2011). In Italy the
analyses performed over secular and homogenised precipitation records spanning the
last two centuries highlighted a decrease in total precipitation, especially on Central
Italy, even though the signal shows a relevant spatial variability (Brunetti et al., 2006).
Because of the spatial variability of the climate signal, studies at regional scale are
needed, especially over the most vulnerable areas to changes in water cycle and pre-
cipitation regime. Reduction of fresh water disposal could have a relevant impact on
those regions with scarce water resources and high demand, while the intensification
of extreme meteorological conditions could increase the risk of natural hazards, such
as landslides and floods, for complex orographically regions.
While many studies have been focused on the climate evolution in northern Italy and
Alpine regions, fewer works concern the climate variability in central and southern
Italy, where the decrease of data coverage and of long high-quality records, especially
at daily resolution, for some specific areas prevents from performing accurate climate
studies. Brunetti et al. (2012) set up a dense database of daily precipitation for Cal-
abria region spanning the last century revealing a general decreasing tendency in an-
nual precipitation and a negative trend in high intensities, especially in winter months,
even though the trends and their significance vary over the region and show a relevent
temporal variability.
In this framework, the presented work aims at investigating the precipitation variabil-
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ity of Sardinia region, which is one of the main Mediterranean islands, by means of
both spatial and temporal climate reconstruction. A dense database of monthly pre-
cipitation series covering the last century has been retrieved and subjected to careful
quality-check and homogenisation activities. The set up database represents an im-
provement and update of the one used by Secci et al. (2010) to study the spatial distri-
bution of the mean annual precipitation over the region for the period 1922-1991. In the
presented work, the 1961-1990 monthly precipitation climatologies for Sardinia were
computed at 30-arc second resolution, while the gridded dataset of 1922-2011 precipi-
tation records was used to assess the long-term trend and variability of water disposal
for the region over a 90-year period. The temporal extent of the reconstructed dataset
was chosen according to the period of best data availability.
5.2 Data
The database used for the study is composed by more than 300 series which were
partly retrieved from the Italian database already used for the construction of Italian
climatologies (Crespi et al., 2018) and partly from the archive of the Hydrographic
Service and the digitisation of its hardcopy yearbooks (Servizio Idrografico, 1918;
1925; 1958). More precisely, the monthly precipitation series of 397 Sardinian sta-
tions already included in the database for Italian climatologies were merged to the 271
monthly records recovered from the daily database of Hydrographic Service which
has been recently released on the website of the Sardinian regional service (source:
http://www.regione.sardegna.it/j/v/25?s=131338&v=2&c=5650&t=1) and spans the
period 1922-2012. Most of the recovered stations were already included in the Italian
archive, however the new records allowed to fill monthly gaps and to extend the pre-
vious temporal coverage both in the past and in the most recent years, while in some
cases new sites were added. In addition, the temporal coverage of the ten longest se-
ries was extended in the past by the digitisation of data from the historical yearbooks
of the Hydrographic Service.
The merging activities were managed by a careful analysis of available metadata and
led to 408 resulting records. All the series were subjected to quality-control procedures
as described in section 1.6 in order to detect and remove outliers and spurious entries
as well as to highlight erroneous station locations (both coordinates and elevation). The
records showing the lowest agreement with their simulation by means of neighbour-
ing observations were discarded from the database together with the series containing
less than 10 years of available data. After these activities, the database included 367
monthly precipitation series covering the whole Sardinia region (Figure 5.1). The tem-
poral evolution of station coverage is shown in Figure 5.2. 9 series have more than 100
years of data, 6 out of which starts before 1900, however most records begin in 1922
118
Figure 5.1: Spatial distribution of the 367 available stations over Sardinia. The orogra-
phy of the region is extracted from a smoothed version of a 30-arc second resolution
DEM (GTOPO30).
and the station availability remains almost constant up to present. Temporary reduc-
tion of data coverage occurred in the first half of the 20th century during the II World
War and in the last decades of the century due to the transition from mechanical to
automatic monitoring networks.
In order to compute the high-resolution climatologies for the region, the monthly nor-
mals over the period 1961-1990, which corresponds to the interval of best data avail-
ability, were computed for each station. In order to avoid biases in climatological val-
ues due to the uneven data availability over the reference interval, before computing
the monthly average, the missing data in the period 1961-1990 were reconstructed for
each station by means of the procedure described in Crespi et al. (2018) and based on
the relative anomalies of neighbouring stations. After this procedure, for each month
367 station normals for Sardinia were available corresponding to a spatial density of
about one station per 65 km2.
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Figure 5.2: Temporal evolution of the station availability over the whole period
spanned by the database.
In addition, in order to evaluate the long-term temporal evolution of precipitation over
the region, all the series were checked for homogeneity by applying the Craddock test
(section 1.6) and 27 monthly records showing relevant breaks were homogenised.
5.3 Methods
The spatio-temporal distribution of precipitation over Sardinia was reconstructed over
a 30-arc second resolution Digital Elevation Model (USGS GTOPO30) by applying the
anomaly-based approach to the observation database. More specifically, the 1961-1990
high-resolution monthly climatologies for the region were computed by means of the
LWLR of precipitation normals versus elevation. For each month and at each point of
the grid, the 15 surrounding stations with the highest weights were selected to enter in
the weighted linear fit. The station weights are expressed as the product of Gaussian
functions taking into account the nearness and geographical similarity of the stations to
the target grid cell in terms of elevation, sea distance, slope orientation and steepness.
The weight decays were defined locally by means of a minimisation procedure of the
model errors. From regression coefficients estimated at each grid cell the precipitation
normal for the month m was obtained:
pm(x, y) = am(x, y) + bm(x, y) · h(x, y) (5.1)
where h(x, y) is the elevation of cell (x, y) and am(x, y) and bm(x, y) are the regression
coefficients at target point.
In order to take into account the actual spatial scale at which atmosphere is expected
to interact with the surface features, orographic details contained in the original DEM
version were smoothed by assigning to each cell the weighted mean elevation of sur-
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rounding cells. The cell weights were defined by a Gaussian function of their distance
from the target with halving coefficient at 3 km from the cell to estimate. The smooth-
ing degree was set by minimising the model errors.
The gridded dataset of 1922-2011 monthly precipitation records was obtained by
converting into anomalies the station records as the ratio with corresponding 1961-
1990 normals and by interpolating them onto the 30-arc second resolution grid by a
weighted averaging approach. The interpolated anomaly at the target cell a(x, y) for
the time step t was obtained as follows:
at(x, y) =
∑Nj=1 wj,t(x, y) · aj,t
∑Nj=1 wj,t(x, y)
(5.2)
where N is the total number of stations and w are the station weights at the cell (x, y)
which are a Gaussian function of their distance from the point. In order to take into
account the variation of station availability over the whole study period, the halving
distance of the station weight was computed for each year as the mean distance from
the grid cell including at least three stations with available data. The dataset of gridded
monthly anomalies was then converted into millimeters by means of the product for
the corresponding field of monthly climatologies.
The accuracy of the results was assessed by reconstructing in LOO approach the
monthly normals and the 1922-2011 anomaly records of all the stations contained in
the database and by comparing modelled and observed values in terms of error esti-
mators (BIAS, MAE and RMSE).
5.4 Results and Discussion
5.4.1 High-resolution monthly climatologies for Sardinia
The robustness of 1961-1990 LWLR monthly climatologies over Sardinia was assessed
by the LOO reconstruction of station monthly normals. The bias is almost null in all
months suggesting the absence of systematic biases in the model estimates. The MAE
and RMSE values range from 10.8 and 14.1 mm in December to 2.0 and 2.7 mm in July,
respectively. The higher errors of winter months are mainly due to the greater precipi-
tation normals in respect with the summer season which features the driest conditions.
In Figures 5.3 and 5.4 the seasonal and annual 1961-1990 precipitation climatologies
for Sardinia are reported. On seasonal scale, the wettest conditions occur during win-
ter with mean precipitation over the whole region of about 270 mm, while summer is
characterised by relevant drier conditions with 44 mm as regional average. Spring and
autumn feature intermediate precipitation regimes with 177 and 224 mm as regional
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Figure 5.3: 30-arc second resolution 1961-1990 seasonal precipitation climatologies for
Sardinia.
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Figure 5.4: 30-arc second resolution 1961-1990 annual precipitation climatologies for
Sardinia.
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averages, respectively. The highest precipitation values are located in the eastern part
of the region, especially around Mount Gennargentu (1834 m a.s.l.) which is the high-
est elevation of Sardinia with more than 1300 mm as annual maxima. Other wet ar-
eas are Gallura in the north-eastern portion of the region and the mountainous areas
around Macomer and Iglesias located in western Sardinia. These areas are mainly
characterised by orographic precipitation regimes due to the interaction of the moist
air masses from the sea with the rough terrains close to the coasts. The driest zones
are located in southern Sardinia, especially around Cagliari with mean annual values
lower than 500 mm.
5.4.2 1922-2011 monthly precipitation records over Sardinia
The robustness of the gridded dataset of long-term precipitation records over Sardinia
was evaluated by computing in LOO approach the available station anomaly records
over the 90-year reconstructed period. For each station the MAE value between sim-
ulated and observed station anomaly series was evaluated for all months. As average
over all the stations, the lowest accuracy is depicted for summer estimates with average
MAE of about 45% while the best performances are found for winter reconstructions
for which the average error is around 20%. The mean common variance between mod-
elled and measured anomaly records over all months is about 77% with the highest
agreement for winter.
The average monthly precipitation record for Sardinia over the period 1922-2011 was
finally computed as the average over all the cells of the high-resolution grid. The 90-
year record was analysed for long-term trend on both annual and seasonal scales (Fig-
ures 5.5 and 5.6). The trend slope was estimated by means of the Theil-Sen test (Theil,
1950; Sen, 1968), while the significance of trends was assessed by the Mann-Kendall
estimator (Kendall, 1970).
Significant negative trends with Mann-Kendall p-value below 0.01 were found for
the annual and winter precipation records with Theil-Sen slopes of -2.3% and -4.1%
decade−1, respectively. As regards the other seasons, a decreasing tendency was
pointed out for spring and autumn records while a positive trend emerged for summer
precipitation, even though in all cases the trend is not statistically significant with sig-
nificance levels far above 0.05. These outcomes are in agreement with those reported in
Brunetti et al. (2012) for the 1916-2006 total annual and seasonal precipitation records
for Calabria (southern Italy).
5.4.3 Variability of annual precipitation climatologies
The anomaly-based approach described in section 5.3 was also applied to reconstruct
the gridded precipitation climatologies for Sardinia over consecutive 30-year periods
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Figure 5.5: 1922-2011 annual average precipitation record over Sardinia together with
the 11-year Gaussian filter with 3-year standard deviation. The red solid line represents
the Theil-Sen linear fit.
from 1931 to 2010. The estimated fields allowed to evaluate the evolution and variabil-
ity of precipitation distribution and magnitude over the region during the last century.
More precisely, for each interval under consideration (1931-1960, 1941-1970, 1951-1980,
1971-2000, 1981-2010) the missing monthly data over the 30-year period in each station
record were reconstructed by interpolating the anomalies from 1961-1990 normals of
available surrounding stations (equation 5.2) and rescaling the modelled value for the
1961-1990 monthly normal of the station under reconstruction. After completing the
station series, their mean monthly precipitation values over the analysed 30-year pe-
riod were computed and interpolated onto the 30-arc second grid by means of LWLR
(equation 5.1).
The evolution of annual precipitation climatologies from 1931 to 2010 (Figure 5.7) con-
firms the significant negative trend in regional annual precipitation depicted by Theil-
Sen analysis. The annual precipitation normal, as average over all the grid points,
decreases from 761 mm in 1931-1960 climatology to 658 mm in the last considered in-
terval. In particular, 1961-1990 climatology points out a remarkable decrease in mean
annual precipitation in respect with the previous 30-year mean conditions, with an av-
erage decrease of about 40 mm corresponding to a loss of about 5% in respect with the
1951-1980 mean annual precipitation over the region. The most relevant drying ten-
dency regarded both mountainous areas, especially Mount Gennargentu and Gallura,
and the coastal zones.
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Figure 5.6: 1922-2011 seasonal average precipitation records over Sardinia together
with the 11-year Gaussian filters with 3-year standard deviation. The red solid lines
represent the Theil-Sen linear fits.
5.5 Conclusions
The long-term spatio-temporal evolution of monthly precipitation over Sardinia, one
of the main Italian Mediterranean islands, was analysed by computing the 1961-1990
monthly climatologies and the gridded dataset of 1922-2011 monthly precipitation
records at 30-arc second resolution. At this aim, a dense database of monthly pre-
cipitation records for the region spanning the last century was set up by recovering
both the past non-digitised data and the recent available automatic records. All the
retrieved series were controlled for data quality and homogeneity and the homogeni-
sation procedure was applied on the records showing the most relevant breaks.
The temporal reconstruction was performed by means of the anomaly-based method
and the accuracy of the results was evaluated by simulating in LOO approach the sta-
tion data. The highest errors in station normal reconstruction was pointed out for
winter, which corresponds to the wettest season in Sardinia, with the maximum MAE
in December (14.1 mm). As regards the temporal reconstruction the mean common
variance between the simulated and observed station anomaly series is about 77%
while the greatest errors in station anomaly simulation are obtained for summer values
(45%), due to the very low summer precipitation which are more likely to be affected
by relevant fluctuations in modelled values in relative terms.
The long-term trends and variability of the 1922-2011 regional precipitation record
in both annual and seasonal scales were evaluated by means of Theil-Sen test and
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Figure 5.7: Evolution of annual precipitation climatologies for Sardinia over consecu-
tive 30-year periods.
Mann-Kendall estimator. A statistically significant negative trend (p-value<0.01) was
depicted for annual and winter precipitation while an increasing but not significant
tendency was depicted for the summer series. The same drying tendency in annual
precipitation was observed by reconstructing and comparing the annual precipitation
climatologies for Sardinia over consecutive 30-year periods from 1931 to 2010.
The presented outcomes confirm the long-term trends in precipitation evolution which
was found for other Mediterranean areas and southern Italian regions. However, in or-
der to analyse the long-term trends on precipitation regime on a finer time scale and
to assess possible acting changes in the frequency of extremes, in the next future we
will focus our analyses on the daily resolution too. In addition, running-trend analyses
are required in order to study the short-term variability in precipitation evolution over
Sardinia and to evaluate the trends and their significance over different subperiods.
These activities are in course and the results will be discussed in detail in forthcoming
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papers.
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Chapter 6
High-resolution monthly precipitation
climatologies over Norway (1981–2010):
joining numerical model datasets and
in-situ observations
The chapter presents the results of the research activity managed during the 6-month
visiting period spent by the Norwegian Meteorological Institute of Oslo. More specif-
ically, the 1981–2010 monthly precipitation climatologies over Norway at 1 km resolu-
tion are presented. They are computed by an interpolation procedure combining the
output from a numerical model with the in-situ observations in order to overcome the
reconstruction limits of conventional interpolation methods due to the uneven distri-
bution of the meteorological network over the country, especially in the northermost
Norwegian regions and in mountainous areas. At this aim, the regional climate model
dataset HCLIM-AROME, based on the dynamical downscaling of the global ERA-
Interim reanalysis onto 2.5 km resolution, is considered together with quality-checked
records of the 2009 rain-gauges located within the model domain. The precipitation
climatologies are defined by superimposing the grid of 1981–2010 monthly normals
from the numerical model and the kriging interpolation of station residuals. The inte-
gration of rain-gauge data proved to remove the original numerical model biases and
the errors obtained from the LOO station validation turned out to be lower than those
provided by two conventional interpolation schemes based on observations only. In
addition the combined approach was found to be less sensitive to the spatial variabil-
ity of station distribution over the domain and to prevent from the reconstruction of
discontinuities and outliers, especially over those areas not covered by the rain-gauge
observations. The obtained climatologies clearly depict the main West-to-East gradient
occurring from the orographic precipitation regime of the coast to the more continental
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climate of the inland and it allows to point out the features of the climatic subzones of
Norway.
The chapter is based on the manuscript submitted to the International Journal of
Climatology and the released version of the gridded dataset is freely available at
https://zenodo.org/record/1304042#.Wzti8Bx9i90.
The research activities were presented at an international conference and described in
a technical report freely available on the Norwegian Meteorological Institute website:
• Crespi, A., Lussana, C., Bunetti, M., Dobler, A., Maugeri, M., and Tveito, O. E.
(2018). A new combined interpolation approach for 1981–2010 monthly precipi-
tation climatologies over Norway: joining numerical model output with in-situ
observations. EMS Annual Meeting: European Conference for Applied Meteo-
rology and Climatology, Budapest (Hungary), Vol. 15, EMS2018-236.
• Crespi, A., Lussana, C., Bunetti, M., Dobler, A., Maugeri, M., and Tveito, O. E.
(2018). High-resolution monthly precipitation climatologies over Norway: as-
sessment of spatial interpolation methods. MET Report, The Norwegian Meteo-
rological Institute, Oslo, Norway, No. 03/2018, ISSN 2387-4201.
6.1 Introduction
Gridded climatological datasets of surface precipitation represent valuable informa-
tion sources for both researchers and decision makers in a wide range of fields, such
as energy production, management and conservation of natural resources and agricul-
ture (Prein and Gobiet, 2017). The availability of accurate high-resolution descriptions
of spatial distribution of the precipitation normals over the territory is particularly rel-
evant for those countries, such as Norway, whose electricity sector relies primarily on
hydropower (Dyrrdal et al., 2015).
The reconstruction of conventional climatological datasets, as defined by Simmons et
al. (2017), requires both dense rain-gauge networks and statistical interpolation ap-
proaches able to capture the interactions between atmospheric circulation and the sur-
face (Henn et al., 2018). In fact, precipitation distribution is found to be strongly in-
fluenced by the main geographical features, such as elevation, sea nearness and slope
conditions, and these relationships could highly vary at local level (Daly et al., 2008). A
wide selection of statistical schemes has been developed and applied so far to project
monthly precipitation normals from station sites onto the unsampled points of high-
resolution grids, such as geostatistical approaches based on kriging and all its vari-
ants (Goovaerts, 2000; Hengl, 2009), regression-based models (Crespi et al., 2018; Daly,
2002), spline and inverse distance weighting interpolation (Boer et al., 2001). The un-
even spatial coverage of observational data could significantly affect the interpolation
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accuracy especially in highly variable terrains where the model predictions could be
derived from rain-gauges located at distant and very different environments.
The Norwegian Meteorological Institute (MET) provided two versions of the seNorge
gridded dataset for daily precipitation over Norway at 1 km resolution: one is based
on a triangulation procedure with altitude corrections (Tveito et al., 2005; Mohr, 2008;
2009) and the other is based on a multi-scale optimal interpolation approach (Lussana
et al., 2018). The distribution of Norwegian station network is very sparse over the
Northern inland and the scarcely sampled high-elevated areas significantly limit the
ability of observation-based models to capture the actual conditions occurring over
these regions. In particular, remarkable underestimations in gridded precipitation val-
ues are found to occur over the mountainous inland where the complex environment
prevents the management of manual stations and limits the availability of dense ob-
servations (Lussana et al., 2018). Only in the recent years, some new automatic rain-
gauges have been established in these areas and their observations have improved the
monitoring applications even though the length of the new records is not yet suitable
for climatological studies.
In this study, we aim to combine two data sources, such as in-situ observations and
numerical model outputs in order to obtain monthly precipitation climatologies of rea-
sonable quality even in data-sparse areas over complex terrains. The advancements
in the accuracy and spatial resolution of numerical models in fact provided in the last
years new data and information, which started to be used in the inter-comparisons
with observation-based gridded datasets (Haylock et al., 2008; Dyrrdal et al., 2018) as
well as in climatological studies (Karger et al., 2017; Berthou et al., 2018). In partic-
ular, regional reanalysis models are primarily relevant for climatological applications
because of the high spatial resolution (almost comparable to operational numerical
weather prediction systems, NWP) of their long-term gridded datasets (Isotta et al.,
2015; Jermey and Renshaw, 2016). They do not assimilate in-situ precipitation observa-
tions so the two data sources can be considered independent from each other. The high-
resolution of the regional reanalysis datasets is found to improve the description of
precipitation fields in comparison with the global ones, especially for extreme events,
even though reanalyses are affected by significant biases, shifts in regional anomalies
and inaccuracies in mountain-valley contrasts.
MET has recently produced a climate model dataset of precipitation covering the Nor-
wegian mainland at 2.5 km resolution over the period July 2003 to December 2016.
The dataset is based on the dynamical downscaling of the global ERA-Interim reanal-
ysis (Dee et al., 2011) using HCLIM-AROME, the climate model version of the HAR-
MONIE (HIRLAM ALADIN Research towards Mesoscale Operational NWP In Eu-
rope) NWP model framework (Lind et al., 2016). The model includes a set of different
physics packages adapted for different horizontal resolutions. The high spatial resolu-
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tion of the HCLIM-AROME model is suitable to provide fine-scale realistic precipita-
tion patterns over the whole Norwegian domain, where the circulation is dominated
by Westerlies, and it supplies useful information over the remote regions not covered
by in-situ observations. The overall model setup is similar to the operational AROME-
MetCoOp model (Müller et al., 2017), which provides realistic precipitation patterns
especially where orographically forced precipitation is the dominant mechanism. In
this framework, we developed and applied an interpolation approach in which rain-
gauge observations and the numerical model output are used together to provide the
1981–2010 monthly precipitation climatologies over Norway at 1 km grid spacing. In
this scheme, hereafter referred to as HCLIM+RK, the grids of monthly precipitation
normals derived from HCLIM-AROME dataset are considered as background and a
kriging interpolation procedure is applied to adjust the original fields by means of
station residuals, i.e. the differences between the station normals and the numerical
model estimates at the closest grid cells. This procedure allows both to exploit the spa-
tial precipitation gradients resolved by HCLIM-AROME, especially over the regions
not covered by stations, and to improve the accuracy of resulting climatologies by in-
tegrating the available in-situ observations to correct the numerical model biases. In
order to compute the 30-year climatologies, the HCLIM-AROME dataset was extended
back to 1981 using available station records and a reconstruction procedure based on
multiplicative anomalies.
In the present work the features of HCLIM+RK method are extensively investigated
and discussed and the computed 1981–2010 monthly precipitation climatologies over
Norway are presented. Moreover, in order to assess the improvements provided to
Norwegian climatologies by the combination of numerical model datasets and rain-
gauge data, HCLIM+RK performances are compared to those obtained by two sta-
tistical methods based on observations only: a Multi-linear Local Regression Kriging
(MLRK) and a Local Weighted Linear Regression (LWLR) of precipitation versus ele-
vation, based on PRISM framework (Daly, 2002).
6.2 Data
6.2.1 Precipitation data from the rain-gauge network
The observational database considered to reconstruct the 1981–2010 monthly precip-
itation climatologies over Norway is composed by more than 2000 station records of
monthly precipitation covering the HCLIM-AROME domain (Figure 6.1). The Nor-
wegian station series were retrieved from the MET Norway Climate daily database
(KDVH) and they were integrated with the daily records contained in the European
Climate Assessment and Dataset (ECA&D) for the surrounding countries.
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Figure 6.1: Distribution of the 2009 stations considered for the Norwegian climatology
reconstruction.
The monthly database was checked for quality in order to detect and correct spuri-
ous entries, duplicates and erroneous locations. In particular, following the procedure
described in Crespi et al. (2018), each measured series was compared to the simulated
one by means of neighbouring station data and reconstruction errors were computed
in terms of Mean Absolute Error (MAE) and Root Mean Square Error (RMSE). High
errors allowed to point out and remove single problematic periods in a record or to
discard stations whose observed values completely mismatched the simulated ones.
After removing gross data errors in both monthly and daily series, the gap-filling
procedure described in Golzio et al. (2018) was applied to daily records in order to
maximise the number and length of monthly data series available for climatological
purposes. Monthly precipitation series were computed again for each station from
filled daily records and whenever daily data were still missing, the corresponding
monthly total was not computed. On average, the filling procedure allowed to re-
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construct 3% of daily gaps which led to increase the available monthly precipitation
totals for each station of about 12%. Stations with less than 10 years of available data,
also after the gap-filling, were definitely discarded from the database. After these ac-
tivities, the 1981–2010 monthly precipitation normals were computed for each series
and, whenever this period was partially or completely unavailable, missing months
were reconstructed by a procedure based on multiplicative anomalies of neighbouring
stations (Crespi et al., 2018). Since a remarkable fraction of stations (52%) had more
than 30% of missing data in the reference period, this procedure allowed to prevent
monthly normals being biased by a lower fraction of monthly data entering in the av-
erage computation.
Finally, the 1981–2010 precipitation normals were available for 2009 sites, 1043 out of
them located in Norway. However, Norwegian sites are unevenly distributed over the
country: data coverage is generally higher in the South (below 63◦18’N) with about one
station per 250 km2 and it decreases significantly towards the North (above 63◦18’N)
with about one station per 500 km2 (Figure 6.1). Moreover, most rain-gauges are lo-
cated at low-elevation and only 15% and 1% of stations are above 500 and 1000 m
a.s.l., respectively, so that the grid cells at higher elevation (47% and 15% of the total
are above 500 and 1000 m a.s.l., respectively) are mostly or completely uncovered by
in-situ observations (Figure 6.2).
Figure 6.2: Vertical distribution of the 1043 Norwegian stations (red solid line) com-
pared to the grid-cell elevation distribution (blue dashed line) over Norway.
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6.2.2 HCLIM-AROME numerical model dataset of monthly precipi-
tation
The HCLIM-AROME dataset of monthly precipitation over Norway was retrieved
from the hourly precipitation fields at 2.5 km grid spacing computed by the climate
model version of HARMONIE (version cy38h1.2). To perform the high-resolution con-
vection permitting simulations, the model was set-up with the AROME physics (Seity
et al., 2011) and the SURFEX surface scheme (Masson et al., 2013). The model was run
from July 2003 to December 2016 and it covers the whole Norwegian mainland and
part of Sweden, Finland and Russia.
The series of monthly totals were computed for each grid cell by summing the hourly
precipitation and the grid was converted into ETRS89 reference system with the Lam-
bert Azimuthal Equal Area (LAEA) projection.
In order to obtain the 1981–2010 mean monthly HCLIM-AROME fields, the 2003–2016
monthly precipitation series of all the cells in the 2.5 km grid were extended back to
January 1981 by means of available in-situ observations. For this purpose, the same
reconstruction method applied to fill monthly station gaps and based on multiplica-
tive anomalies was considered. More precisely, each missing monthly value of all the
HCLIM-AROME grid points (p(HCLIM−AROME)m ) was reconstructed by selecting the 5
closest stations with at least 9 years of common data in the period 2003–2016 and a
valid entry for the month under reconstruction. From the selected station data, 5 simu-
lated values for month m at the target cell were computed by rescaling each rain-gauge
entry pm,i by the ratio between the monthly means of HCLIM-AROME cell values
(pHCLIM−AROMEm,i ) and station observations (pm,i) over the available years in the period
2003–2016:
pHCLIM−AROMEm,i = pm,i ·
pHCLIM−AROMEm,i
pm,i
i = (1, . . . , 5) (6.1)
The final estimate is defined as the weighted mean of the 5 simulations where the
station weight is expressed as a Gaussian function of the radial distance from the con-
sidered cell (Crespi et al., 2018).
After the reconstruction, the 1981–2010 HCLIM-AROME monthly normals were com-
puted and downscaled to the target 1 km resolution grid by means of a bilinear inter-
polation procedure.
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6.3 Methods
6.3.1 The combined interpolation scheme: HCLIM+RK
In HCLIM+RK scheme the residuals between each station normal and the correspond-
ing HCLIM-AROME value at the closest grid cell are computed for each month and
their spatial distribution is modelled by the kriging procedure. The sample variogram
is reconstructed from all the station pairs within 300 km and by setting the bin width
to 15 km, while the fitted variogram is obtained by considering the exponential model.
The final value of the 1981–2010 precipitation normal for the month m at cell (x, y) is
obtained by adding the interpolated station residuals to the corresponding monthly
normal from the downscaled HCLIM-AROME background:
pm(x, y) = pHCLIM−AROMEm (x, y) + kT(x, y) · e (6.2)
where k(x, y) is the vector of kriging weights at the cell (x, y) and e are the station
residuals.
6.3.2 Observation-based interpolation methods
In MLRK the precipitation normal for month m at each grid cell (x, y) is computed by
applying the residual regression kriging with the regression based on a local multi-
linear relationship between precipitation and several geographical predictors:
pm(x, y) =
N
∑
j=1
αj,m(x, y) · qj,m(x, y) + kT(x, y) · e (6.3)
where N is the numbers of geographical predictors, α and q are the vectors of regres-
sion coefficients and predictor values at target site (x, y), respectively, k(x, y) is the
vector of kriging weights and e are the residuals between observed normals and re-
gression estimates at station locations. Latitude, longitude, elevation and sea distance
are chosen as regression geographical predictors for all months while α are monthly
estimated for each grid cell by least-square method considering precipitation normals
and geographical features of all sample sites within 100 km from the point. If less than
100 stations are available for regression within this distance, searching radius is incre-
mented by 10 km until the minimum threshold is reached. Both the searching radius
and the number of stations entering in the regression are defined by the minimisation
of model errors. Also in this case, the experimental variogram is defined by consider-
ing a bin width of 15 km and all the station pairs within 300 km and it is fitted by the
exponential model.
In LWLR the monthly precipitation normals at each grid cell (x, y) are modelled by
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using elevation as the main geographical predictor:
pm(x, y) = am(x, y) + bm(x, y) · h(x, y) (6.4)
where h(x, y) is the elevation of cell (x, y) and am(x, y) and bm(x, y) are the regression
coefficients at target point. The precipitation-elevation relationship is estimated for
each month and at each grid point from a weighted linear regression involving neigh-
bouring stations. In order to take into account the influence of local surface features on
precipitation distribution, the stations enter in the regression with weights depending
on their nearness and orographic similarities (elevation, slope steepness, slope orien-
tation and sea distance) to the target cell. The weighting function decay rate is locally
optimised and evaluated for each month. In particular, the radial weighting function
presents an optimal halving distance ranging from about 11 km in the South during
winter months to 70 km over the northernmost regions in summer.
In both MLRK and LWLR the orographic information is extracted from a smoothed
version of a 1 km resolution digital elevation model (DEM). The smoothing allows
to remove too fine terrain details and to consider a spatial scale more similar to that at
which the interaction between atmospheric circulation and surface is expected to occur
(Foresti and Pozdnoukhov, 2012). The smoothed DEM is obtained by substituting the
elevation of each cell by the weighted average of the elevations of surrounding cells,
with weighting functions (of gaussian shape) decreasing to 0.5 at a distance d (halving
distance) from the considered cell, such that the 1 km resolution is preserved. Differ-
ent halving distances were considered and d = 3 km turned out to be the smoothing
degree that minimises the model errors.
6.3.3 Validation procedures of interpolation schemes
The accuracy of each considered method was evaluated by reconstructing the
1981–2010 monthly precipitation normals of all the 1043 stations located in Norway.
The reconstruction was performed by means of the leave-one-out (LOO) approach, i.e.
by excluding the station data under estimation, in order to avoid self-influence. Ac-
tually, in order to contain the computational time demand, in the LOO procedure for
all the kriging-based approaches, the covariance matrix was computed from the full
dataset, while the kriging weight of the station to be reconstructed was set to zero and
the remaining station weights renormalised. The modelled values for all the N stations
considered in the validation subset were compared month-by-month to the observa-
tions by means of BIAS, MAE, MAPE and RMSE (see section 1.5).
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6.4 Results
6.4.1 HCLIM+RK validation and comparison with observation-
based methods
The LOO errors obtained for HCLIM+RK, MLRK and LWLR 1981–2010 climatologies
are shown in Table 6.1 while the errors of the corresponding climatologies from the
original HCLIM-AROME dataset are listed in Table 6.2. Thanks to the integration of in-
situ observations in HCLIM+RK scheme, the significant BIAS of the original HCLIM-
AROME fields is almost completely corrected in all months, especially in winter, and
MAE and RMSE are reduced accordingly. The bias of the original HCLIM-AROME
fields is highlighted by the distribution of the relative differences in the 1981–2010 nor-
mals between the station records and model estimates: they are shown in Figure 6.3
for January and July. The highest differences occur along the south-western coast and
over the Lofoten islands, especially in January, where HCLIM-AROME climatologies
underestimate the precipitation normals. In addition to the coastal bias, an overall
tendency to overestimate precipitation normals is depicted in July over the inland in
central-southern Norway. These findings are consistent with the results obtained by
Müller et al. (20l7) for AROME-MetCoOp: detailed studies focusing on identifying the
possible sources of AROME biases will be undertaken in the next future.
On the contrary, the BIAS is almost zero for HCLIM+RK, MLRK and LWLR, suggest-
HCLIM+RK MLRK LWLR
BIAS MAE MAPE RMSE BIAS MAE MAPE RMSE BIAS MAE MAPE RMSE
1 0.3 13.9 12.5 21.2 0.6 15.9 14.4 25.1 -0.1 16.5 14.3 26.4
2 0.2 11.3 13.4 17.5 0.5 12.9 15.3 20.3 -0.3 13.4 15.2 21.2
3 0.2 10.4 13.5 15.9 0.4 12.1 15.5 18.9 -0.2 12.5 15.4 19.8
4 0.1 7.3 12.9 10.8 0.2 8.4 14.7 12.9 -0.3 8.6 14.4 13.1
5 0.1 6.3 10.4 9.2 0.0 7.0 11.5 10.8 -0.4 7.0 11.3 10.4
6 0.0 6.9 9.9 9.6 0.0 7.1 10.1 10.7 -0.3 7.2 10.0 10.5
7 0.1 7.9 9.1 11.2 0.0 7.8 8.9 11.7 -0.1 7.8 8.8 11.8
8 0.1 9.0 8.9 12.9 0.0 9.5 9.2 14.6 -0.3 9.7 9.2 14.7
9 0.2 10.3 8.7 16.2 0.1 12.4 10.7 20.4 -0.3 12.5 10.3 20.0
10 0.2 12.2 9.4 18.8 0.3 14.3 11.3 22.9 -0.3 14.6 11.1 22.8
11 0.3 11.8 11.0 18.4 0.5 13.9 12.9 21.7 -0.1 14.1 12.6 22.0
12 0.2 13.1 12.2 20.3 0.5 15.1 14.0 24.2 -0.3 15.5 13.9 24.8
Table 6.1: Monthly leave-one-out reconstruction errors of HCLIM+RK, MLRK and
LWLR for the 1043 Norwegian stations. Except for MAPE, all the values are expressed
in mm and BIAS is defined as the difference between simulation and observation.
ing that no method is affected by significant systematic errors. However, the combined
HCLIM+RK approach provides the best performance in all months. The mean MAPE
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HCLIM-AROME
BIAS MAE RMSE
1 -18.3 26.0 36.9
2 -14.0 20.3 29.0
3 -13.5 20.6 29.4
4 -5.1 14.8 19.7
5 -0.1 12.0 15.9
6 -3.4 16.6 21.2
7 -0.9 20.1 26.2
8 -7.1 22.9 29.6
9 -21.3 27.4 38.8
10 -26.4 31.1 42.0
11 -20.9 28.0 37.9
12 -20.6 26.5 36.8
Table 6.2: Errors of the 1981–2010 monthly normals from HCLIM-AROME original
fields at the 1043 Norwegian station sites. All the values are expressed in mm and
BIAS is defined as the difference between HCLIM-AROME estimate and observation.
over all months turns out to be about 11% for HCLIM+RK and about 12% for both
MLRK and LWLR. The average correlation with observations is 0.95 for HCLIM+RK
and 0.94 for the other two approaches with the best agreement in winter for which
HCLIM+RK reconstructions explain up to 94% of the variance of the observed station
normals.
HCLIM+RK, MLRK and LWLR reconstruction errors were also evaluated for northern
(above 63◦18’N) and southern (below 63◦18’N) Norwegian stations, separately, in or-
der to assess the benefits provided by the integration of numerical model information
where the station density is lower. In Figure 6.4 the resulting monthly distribution of
MAE values for the three methods is reported. In both subdomains, the median is gen-
erally lower for HCLIM+RK, especially in winter, as well as the range of outliers. It is
worth noting that MAPE passes on average from 10% in the South to 13% in the North
for HCLIM+RK, while the increase is slightly greater for MLRK and LWLR (from 11%
to 15% for both). The lower error differences between southern and northern station
validations could suggest that the accuracy of the HCLIM+RK reconstruction is less
influenced by the variability in data distribution over the domain.
In order to further evaluate the sensitivity of the models to data distribution, a recon-
struction test was performed for southern Norway, which is the subdomain with the
highest and most homogenous station coverage. The LOO normals were computed
both by considering the full data availability over the subregion (728 stations) and by
reducing the data density to 70% and 50%. For both data reductions, the reconstruction
was iteratively performed with ten random resamples of the original station availabil-
ity and the resulting errors were computed as the average of the ten simulations. Even
though the errors turned out to increase for all the methods with reducing data cover-
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Figure 6.3: Distribution over Norway of the relative BIAS [%] of HCLIM-AROME
dataset for a) January and b) July. The values are obtained by comparing the 1981–2010
monthly climatologies of HCLIM-AROME with the station normals and by normalis-
ing the differences for the average of numerical model and rain-gauge values.
age, the accuracy decrease obtained by using 70% and 50% of stations in comparison
with the results provided by the original availability is lower for HCLIM+RK. In fact,
MAPE for HCLIM+RK remains almost invariant (about 10%) with 70% of stations and
it increases to 11% with halved density, while MLRK and LWLR turn out to be more
affected by the sparse station coverage with average MAPE increasing for both meth-
ods from 11% to 12% with 70% of data availability and to 14% with halved coverage.
The above observations suggest that integrating in-situ information with numerical
model output could be a valuable approach to improve the robustness of reconstructed
climatological fields over Norway, especially in the North where the rain-gauge net-
work gets sparser. In these areas in fact station-based methods are forced to extrapolate
precipitation gradients by means of very few and far observations and they could pro-
duce unrealistic artefacts. On the contrary, the problem of areas scarcely covered by
stations is less relevant for HCLIM+RK as observations are only used to correct model
biases whose high spatial coherence allows to get reliable results even with rather low
station density.
It is worth noting that HCLIM+RK climatologies have lower errors than MLRK and
LWLR ones even if the HCLIM-AROME simulations on which they are based cover
only a small fraction of the 1981–2010 period. The errors of HCLIM+RK estimates de-
pend therefore both on HCLIM+RK method and on the approach we used to extend
the numerical model dataset and make it representative of the 30-year reference period.
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Figure 6.4: Monthly MAE distribution of the reconstructed normals by the three meth-
ods for stations located in a) northern Norway (above 63◦18’N) and b) southern Nor-
way (below 63◦18’N). The boxes represent the inter-quartile range of the distribution
where the median is reported by the bold line; the whiskers represent the 5–95% quan-
tile range.
The contribution of the latter factor was evaluated by means of the station records.
Specifically, the monthly series of all Norwegian station sites were reconstructed over
the entire period 1981–2010 by considering only the station data corresponding to the
years covered by HCLIM-AROME simulations and by applying the same method used
for HCLIM-AROME. The 1981–2010 station normals resulting from the reconstructed
records were then compared with the corresponding observed climatologies. The re-
sults are listed in Table 6.3 The BIAS is almost zero in all months proving that the
reconstruction procedure did not lead to systematic under or overestimations, while
correlation between estimated and observed monthly normals is always greater than
0.99. RMSE and MAPE, as averages over the months, are 4.3 mm and 3.3%, respec-
tively, suggesting that the errors due to the reconstruction of missing data can be con-
sidered rather low in comparison with those ascribing to HCLIM+RK method. The
small influence of the missing data period simulation on the HCLIM+RK accuracy can
be explained by the fact that the reconstruction procedure is equivalent to multiplying
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1981–2010 station simulation
BIAS MAE MAPE RMSE
1 0.1 3.7 3.5 5.6
2 0.2 3.4 4.1 5.3
3 0.1 3.0 4.1 4.6
4 0.1 2.2 3.8 3.2
5 0.0 1.9 3.1 2.7
6 0.1 2.2 3.1 3.0
7 0.0 2.7 3.0 3.7
8 0.1 3.2 3.2 4.5
9 0.1 3.0 2.8 4.3
10 0.0 3.4 2.8 5.0
11 0.0 3.2 2.9 4.7
12 0.0 3.6 3.5 5.4
MEAN 0.1 3.0 3.3 4.3
Table 6.3: Errors of the 1981–2010 monthly precipitation normals computed from the
simulated records of the 1043 Norwegian stations. Except for MAPE, all the values
are expressed in mm and BIAS is defined as the difference between simulation and
observation.
the 2003–2016 climatologies by the ratio between the 1981–2010 and 2003–2016 nor-
mals of surrounding stations and this ratio shows a very high spatial coherence over
the domain in all months. The distribution of this ratio for January and July at all the
station sites is reported in Figure 6.5. The sites showing values strongly deviating from
those of the neighbouring sites are more likely to be affected by inhomogeneities in
their records than to represent actual outliers in climatological ratio.
The low errors provided by the extension of the 2003–2016 model records to the
1980–2010 window highlight that the same method we used to get the 1981–2010 cli-
matologies can be applied also over other previous 30-year periods (e.g. 1971–2000,
1961–1990), even though the errors are expected to increase due to the lack of over-
lapping years of data and to the increasing probability of break occurrences in station
records.
Furthermore, it is worth noting that the above findings prove the relative low contri-
bution of missing period reconstruction on the errors of 1981–2010 HCLIM+RK clima-
tologies, however they also suggest that the accuracy of the interpolation method is
not expected to be drastically improved even with the availability of numerical model
simulations over a longer period.
In addition to the model comparison by station validation, HCLIM+RK results were
compared with the output of MLRK and LWLR also at grid point level in order to
detect the specific features of the continuous precipitation field provided by the dif-
ferent approaches. In Figures 6.6 and 6.7 the differences of MLRK and LWLR grid-
ded monthly precipitation climatologies for January (a) and July (b) in respect with
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Figure 6.5: Distribution of the ratios between the 1981–2010 and 2003–2016 normals of
all the stations in the database for a) January and b) July.
HCLIM+RK fields are reported. Both models show an overall tendency to underesti-
mate winter precipitation especially along the coastal reliefs throughout the country,
with the lowest estimates at the highest elevated grid points.
On average, MLRK and LWLR precipitation normals in January are lower than
HCLIM+RK values of about 20 mm in northern Norway and of about 7 and 11 mm,
respectively, in the South. However, if only points above 800 m a.s.l. are considered,
the mean underestimation increases for both methods with the most negative discrep-
ancies for LWLR in both subregions. As regards July normals, the discrepancies with
HCLIM+RK are more spatially heterogeneous for both methods and relevant discon-
tinuities are evident, especially in the LWLR climatology over central Norway where
negative biases turn into relevant overestimations within very short distances. The
drying tendency and wet outliers mostly occur over the lowest sampled areas where
the local available information entering into MLRK and LWLR interpolation are not
enough to model reliable precipitation gradients. This is particularly evident if the dis-
crepancies with HCLIM+RK output are clustered for elevation ranges (Figure 6.8). In
January they turn out to gradually increase with elevation for both MLRK and LWLR
which could be a consequence of the decrease in data availability over the mountain-
ous regions. The distribution of discrepancies for July does not show a significant trend
over elevation ranges below 1200 m a.s.l. and the medians for MLRK and LWLR are
almost comparable. At the grid cells above 1200 m a.s.l. (about 8% of the total) MLRK
and LWLR provide on average higher July normals than HCLIM+RK and this discrep-
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Figure 6.6: Discrepancies of a) MLRK and b) LWLR with HCLIM+RK in 1981–2010
gridded precipitation climatologies for January.
ancy could be partly due to the original negative bias affecting the HCLIM-AROME
summer precipitation fields (Figure 6.3b) over the mountainous coastal regions not
completely corrected by the RK on station data. It is worth noting that in both months
the interquartile ranges and extremes of outliers are generally greater for LWLR sug-
gesting a major instability of its modelled fields. Moreover, the LWLR discrepancies
are expected to be even greater. In fact over the least sampled areas this method re-
constructed some negative precipitation, which were automatically corrected within
the algorithm by substituting the regression with a simple weighted average based on
station distance. This correction could be suitable for adjusting single points, whereas
it could give rise to evident discontinuities when the extent of negative precipitation
areas gets wider. LWLR negative estimates are mostly likely to occur if no signifi-
cant elevation gradients exist at the target cell and/or if the uneven station distribu-
tion leads to misjudge the local precipitation-elevation relationship. This problem is
partly reduced in MLRK thanks to the inclusion of more geographical predictors and
to the larger spatial scales considered in the interpolation, however some isolated and
slightly negative normals still occur for some months.
The above findings suggest that the interpolated climatologies provided by the
observation-based methods are more likely to be affected by discontinuities and out-
liers where the station coverage gets sparser and pure extrapolation is performed,
whereas the integration of numerical model fields into the HCLIM+RK procedure
could help to reconstruct more stable precipitation gradients and to reduce the un-
derestimation of winter normals over the highest elevated areas of Norway.
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Figure 6.7: Discrepancies of a) MLRK and b) LWLR with HCLIM+RK in 1981–2010
gridded precipitation climatologies for July.
6.4.2 HCLIM+RK 1981–2010 monthly precipitation climatologies
over Norway
According to the results discussed in the above section we selected the HCLIM+RK
as the reference climatology for Norway and we analysed it to assess the spatial dis-
tribution of precipitation over the country. The HCLIM+RK seasonal and annual pre-
cipitation climatologies for the period 1981–2010 are presented in Figures 6.9 and 6.10,
respectively. The average seasonal precipitation normals (winter, spring, summer and
autumn) over the whole domain are 339, 220, 263 and 364 mm, respectively, while the
average annual precipitation is 1186 mm. The mean precipitation totals reconstructed
by MLRK on both seasonal and annual scales are in agreement with HCLIM+RK re-
sults (correlation values always above 0.9) even if they are underestimated in all cases
of about 10% in respect to the HCLIM+RK reference values. The spatial distribution
of HCLIM+RK precipitation climatologies is mainly dominated by a strong and well-
defined West-to-East gradient along the whole country in all seasons, with the highest
normals in correspondence to the coastal reliefs, acting as orographic barrier to the wet
air masses from the sea, and a quick transition to rather dry conditions over the lee-
ward side and inland. The wettest area in Norway is located around the Ålfotbreen
glacier (1385 m), near the Nordfjorden. The mean annual precipitation over this area
exceeds 5700 mm with the greatest contributions from winter precipitation accounting
for more than 30% of annual totals. Another very wet region is depicted around the
Svartisen glacier in northern Norway with annual precipitation values around 3000
mm. On the contrary the driest conditions occur between Otta and Gudbrand Valleys,
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Figure 6.8: Distribution of MLRK and LWLR discrepancies with HCLIM+RK gridded
a) January and b) July climatologies on elevation ranges. The boxes represent the inter-
quartile range of the distribution where the median is reported by the bold line; the
whiskers represent the 5–95% quantile range.
located on the bottom of the leeward side of the west mountain chain, where the abso-
lute minimum annual normal is reconstructed (243 mm). Furthermore, precipitation is
found to reduce significantly also towards the northernmost part of the country, where
the annual normals decrease below 300 mm, especially over Finnmark. It is worth
noting that over northern Norway a remarkable positive precipitation gradient occurs
along the whole year from the flat regions of inland to the more mountainous coastal
areas. This gradient is reconstructed thanks to the background information supplied
by HCLIM-AROME numerical model fields, while it is not captured or turns negative
if only in-situ observations enter into the climatological computation, as in MLRK and
LWLR, whose extrapolation over under-sampled areas leads to underestimations in
most cases. By taking into account the grid cells above 69◦N and 500 m a.s.l. only,
the average annual precipitation in HCLIM+RK climatology is in fact about 300 mm
higher than in MLRK and, except for summer, the HCLIM+RK seasonal precipitation
normals are almost twice greater than MLRK estimates.
Further interesting information about Norwegian climate can be retrieved from the
distribution of annual precipitation cycles over the country (Figure 6.11). The average
yearly patterns were computed over consecutive 10000 km2 areas covering the whole
domain, after filtering the normal cycle of each grid point by means of a trigonometric
148
Figure 6.9: Seasonal HCLIM+RK precipitation climatologies.
function in order to reduce the discontinuities from one month to another. All the Nor-
wegian subregions which are close to the sea experience the highest relative monthly
contributions to annual precipitation in winter and the lowest ones in late spring or
summer and this annual pattern turns out to be almost constant with latitude. Moving
from the coast towards the inland, the climate turns to be characterised by maximum
precipitation in summer and minima in winter or early spring. Moreover, the relative
contributions of summer precipitation to the annual cycles over the inner areas increase
towards the North of about 3%, except for the northernmost subregions where the very
dry conditions lead to more homogeneous precipitation regimes along the year and
slightly higher contributions in late summer and autumn. Also the area around Oslo
Fjord on the southern coast experiences a more smoothed yearly cycle with the main
contributions in late summer when the convective phenomena prevail. In Figure 11,
the annual cycles over the considered subregions are superimposed to the spatial dis-
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Figure 6.10: Annual HCLIM+RK precipitation climatologies.
tribution of the ratio between winter and summer precipitation normals at each point
of the 1 km grid. It confirms the existence of two main distinctive climatic regimes
with the prevalence of orographic enhancement mechanisms for precipitation over the
mountainous coast and of more continental conditions over the inland. More specif-
ically, the winter to summer precipitation ratio ranges on average between 1.5 and 3
over the coastal Norway, with the greatest values over the highest areas, whereas the
ratio is below the unity over the inland where summer precipitation normals become
twice the winter ones for a large fraction of grid cells. In addition, it is worth noting
the occurrence of a “transition zone” crossing the whole country from North to South
characterised by quite comparable contributions of winter and summer precipitation
amounts.
6.5 Conclusions
The 1981–2010 monthly precipitation climatologies over Norway were computed
at 1 km resolution by applying a new combined interpolation approach, named
HCLIM+RK. The method joins a database of quality-checked rain-gauge observations
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Figure 6.11: Distribution of winter (DJF) to summer (JJA) precipitation ratio over the
domain and of the average yearly precipitation cycles over different 10000 km2 subdo-
mains covering Norway. The inset box defines the range of axes that is the same for all
the plots. The values are expressed as percentage to the total annual precipitation.
with the 1981–2010 monthly precipitation fields derived from the 2003–2016 reanalysis
driven regional climate HCLIM-AROME model at 2.5 km resolution.
The ability of this approach to deal with the uneven data coverage of Norway and
to provide reliable precipitation patterns also where station density gets lower was
evaluated by the comparison with two interpolation schemes using only observations:
MLRK and LWLR. HCLIM+RK turned out to provide the lowest errors in reconstruct-
ing the station normals in all months with MAPE ranging from 8.7% (September) to
13.5% (March). Moreover, the significant biases affecting HCLIM-AROME numeri-
cal model fields were almost removed thanks to the integration with station observa-
tions. The better performance of HCLIM+RK are also evident if the reconstruction is
evaluated on northern and southern stations, separately. MLRK and LWLR provide
higher errors and larger ranges of outliers, especially in the North where the network
is sparser, suggesting the greater influence of the variation in data availability on their
accuracy. A sensitivity test was also performed on the three methods and it confirmed
the greater stability of HCLIM+RK results with varying station distribution and den-
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sity. The reconstruction errors of HCLIM+RK remained almost unaltered by reducing
the data availability, while MLRK and LWLR errors increased more significantly.
By comparing the gridded precipitation climatologies for January and July, MLRK
and LWLR showed systematic underestimations over coastal regions in respect with
HCLIM+RK reconstruction, especially in winter with increasing grid cell elevation.
In addition, the observation-based models are affected by relevant spatial discontinu-
ities in precipitation distribution and some negative estimates also occur, especially for
LWLR, where the rain-gauge coverage is sparser.
The contribution to the global HCLIM+RK errors provided by extrapolating the
1981–2010 normals from the 2003–2016 HCLIM-AROME fields was also evaluated by
simulating the same reconstruction approach on station data. The series reconstruction
provided much lower errors than those of the whole HCLIM+RK procedure (average
MAPE was 3% and 11%, respectively) and the overall coherence in climatological ra-
tios among stations proved the robustness of HCLIM-AROME run extension.
The HCLIM+RK precipitation climatologies for the period 1981–2010 are characterised
by a sharp West-to-East transition from the wet mountainous coast, which is interested
by orographic precipitation regime, to the drier inland experiencing more continental
climate. Even if the precipitation normals decrease significantly in the northernmost
part of Norway, a positive gradient with elevation is preserved thanks to the infor-
mation provided by HCLIM-AROME numerical fields. The total lack of observations
at the high-elevated areas of northern Norway leads in fact the observation-based ap-
proaches to mainly extrapolate decreasing precipitation with altitude.
The distributions of annual cycles as well as of the winter-to-summer ratios obtained
from HCLIM+RK climatologies confirm the main precipitation gradients over the
country and depict the more specific climatic features of the different subregions. The
presented findings prove that the interpolation approach combining numerical model
information with in-situ observations allows to better handle with the uneven station
network over Norway and to significantly increase the accuracy of resulting climatolo-
gies, especially over the most remote regions. Future analyses aiming at identifying
the sources of numerical model biases as well as the integration of the most recent au-
tomatic station observations at remote sites could help to further increase the accuracy
of the available monthly precipitation climatologies over the country.
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Chapter 7
Conclusions and future developments
The recent increase in the global mean temperature is found to influence all the com-
ponents of the complex climate system including the hydrological cycle. The future
climate projections highlight changes in the precipitation regime at global level both in
intensity and frequency, in particular an increasing occurrence of long dry-spells and
short events of extreme precipitation is expected (IPCC, 2013). The increasing tem-
perature is supposed to lead to a decrease in solid precipitation contributions together
with the enhancement of glacier melting, permafrost reduction and evapotranspiration
rates. These phenomena are likely to influence the economical and social development
as well as the safety of the most vulnerable areas, such as mountains or marine coasts,
by increasing the soil instability, the probability of landslides, floods or avalanches
and by modifying the water disposal. However the magnitude and effects of climate
changes and impacts are highly variable on regional and local scales.
In this framework, the availability of high-resolution information about precipitation
distribution over specific areas of interest and their temporal evolution over the recent
past is crucial to analyse the spatial behaviour and long-term variability of the climatic
signal. At this aim, long and accurate observation records are needed together with
suitable interpolation methods able to capture the climatic signal at local level and
to project it onto regular grids (Jones and Hulme, 1996; Daly et al., 2002). However,
the reduced availability of meteorological data over the remote regions, especially the
high-elevation areas, and for the most ancient periods could highly limit the recon-
struction ability and the robustness of gridded results. For these reasons, the main
aims of my PhD activity were:
• to set up a dense and quality-checked archive of monthly precipitation records
for the whole Italian territory in order to produce the 1961-1990 monthly precipi-
tation climatologies for Italy on a 30-arc second resolution grid by implementing
an interpolation approach able to model the local interaction between precipita-
tion and the complex Italian orography;
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• to apply the anomaly method on databases of long and homogenised station
records to reconstruct and analyse the long-term precipitation evolution over vul-
nerable Italian regions: Sardinia and the upper part of the Adda river basin in
Central Alps with an additional focus over the Forni glacier;
• to evaluate possible applications of the gridded datasets of secular monthly pre-
cipitation, such as the reconstruction of specific past episodes of intense precipi-
tation;
• to compute the 1981-2010 monthly precipitation climatologies over Norway by
implementing an interpolation approach able to deal with the uneven distribu-
tion of the meteorological stations over the country, especially in the northern-
most regions and over the mountainous areas.
The PhD activities allowed also to demonstrate the suitability of the developed meth-
ods to be adapted to the climate reconstruction on different domains characterised by
specific geographical and climatic features. The detailed results achieved are point-by-
point summarised in the following subsections.
7.1 The observation database and the Italian precipita-
tion climatologies
The first step to compute the high-resolution Italian precipitation climatologies con-
cerned the construction of a dense and quality-checked observation database covering
the whole national territory. It was set up starting from a great number of daily and
monthly records (together with the corresponding metadata) which were retrieved by
the research group over more than 10 years of data collection and rescue activities.
Most series were derived from the archives of the former Italian Hydrographic Service
and from the Italian regional and subregional agencies which took in charge the man-
agement of the meteorological network after its closure at the end of the 1980s. Other
sources of data were the Italian Air Force and previous projects of data rescue and digi-
tisation. Moreover, some data from Switzerland and Slovenia were included in order
to improve the station coverage along the Italian boundaries.
The original database included more than 7000 monthly series. All the series were
controlled in order to detect duplicates and possible merging for records available from
more than one source. In addition all the station metadata, location and elevation, were
checked and, whenever possible, the errors were corrected. An automatic procedure of
quality-check was also developed in which each measured series is compared to a sim-
ulated one by means of the neighbouring station data. The comparison and the evalu-
ation of reconstruction errors allowed to detect and invalidate the gross errors, such as
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outliers, spurious sequences of null precipitation as well as evident inhomogeneities;
the series showing low agreement with the simulated ones even after the corrections
and those records with less than 10 years of available data were definitely discarded
from the climatology computation. After the quality control, the same procedure was
also used to complete the monthly gaps of the station series in the climatological pe-
riod of reference (1961-1990) in order to prevent the normals being biased because of
the uneven data coverage of the 30-year interval.
The final version of the database counted more than 4500 series which was integrated
by the 1961-1990 normals of station sites available at the meteorological services of
Austria, Switzerland and France.
The climatologies were produced on a 30-arc second resolution Digital Elevation
Model (DEM) covering Italy and the trans-national portion of Po basin by applying
a Local Weigthed Linear Regression (LWLR) of precipitation versus elevation, which is
based on the PRISM modelling framework (Daly et al., 1994). The local approach was
justified by the complex orographic features of the Italian territory which could influ-
ence the precipitation gradients on a very small scale. This procedure allows in fact to
define the regression coefficients at each grid point by giving more importance to the
closest stations with the greatest orographic similarity (elevation, sea distance, slope
steepness and orientation) with the target location. The station weights are Gaussian
functions of the geographical parameters whose decays are set month-by-month for
each cell by an iterative optimisation procedure. In addition, in order to remove the
too fine orographic details in respect with the spatial scales at which the atmospheric
processes are expected to interact with the surface, a smoothed version of the DEM
was considered in which the elevation of each cell is computed by a distance weigthed
mean of the surrounding cell elevations.
The accuracy of LWLR was computed by the leave-one-out validation on station nor-
mals and it turned out to be greater than that provided by interpolation methods based
on global regression or not modelling the elevation-precipitation relationship at all.
However, LWLR could produce artefacts over orographically complex areas covered
by a very low number of rain-gauges.
As an alternative interpolation method to LWLR, the Local Regression Krging (LRK)
was tested showing very similar performances. LRK considers a greater spatial scale
which reduces the occurrence of artefacts over the lowest sampled regions in respect
with LWLR even though it provides a lower spatial detail in the reconstructed gradi-
ents.
Both versions of the 1961-1990 high-resolution precipitation climatologies allowed to
analyse the mean annual cycles and precipitation regimes over Italy and to assess the
location of climatological extremes. The gridded dataset of LWLR monthly climatolo-
gies has been released on the ISAC-CNR website for research and operative purposes.
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It represents the most recent dataset providing the precipitation normals for the whole
national territory at a very high-resolution scale. However, the updates of the clima-
tologies to the most recent 30-year period (1981-2010 and, in few years, 1991-2020) will
be required so that a relevant activity of rescue and integration of the most recent data
from the currently operating meteorological networks of all the Italian regions is going
to be planned in the next future.
7.2 Variability and long-term trends of the monthly pre-
cipitation (1800-2016) and runoff (1845-2016) over the
Adda river basin
A 30-arc second resolution grid of 1800-2016 monthly precipitation series covering the
upper part of Adda river basin was obtained by applying the anomaly method to an
observation database of long and homogenised rain-gauge records. In order to max-
imise the data availability over the most remote period, digitisation activities of the
hardcopy yearbooks were performed and the available series over a wide area around
the study domain were considered. In addition, the data from the automatic weather
stations were integrated and merged with the records from the previous mechanical
rain-gauges of some regional networks in northern Italy allowing to extend the data
coverage to present.
All the series underwent the quality-check procedure (Crespi et al., 2018) and, in order
to avoid the influence of non-climatic signals on the trend evaluation, their homogene-
ity was checked and the most relevant breaks were corrected by means of the Craddock
test.
The 1800-2016 gridded dataset was obtained by superimposing the monthly clima-
tologies and the fields of monthly anomalies and it was used to compute the 1800-2016
areal total monthly precipitation series for the basin. The accuracy of the results and
its variability in relation to the changes in station coverage over the whole analysed
period was evaluated by the leave-one-out validation on station observations and by
performing a sensitivity test on the areal basin precipitation series reconstruction. In
all cases, the anomaly method allows to obtain a reliable signal also for the very begin-
ning period and the accuracy rapidly increases after the second half of the 19th century
thanks to the increasing number of operating stations over the study domain. Theil-
Sen and Mann-Kendall tests on annual and seasonal areal precipitation series pointed
out significant negative trends for the annual and autumn series only. However if the
very first decades were excluded from evaluation the annual trend is still negative but
turns out to be not significant. The comparison with runoff (Ranzi et al., 2017) was
performed on annual scale from 1845 when the available runoff records starts and it
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highlighted a significant negative trend in runoff coefficients of -0.6% decade−1, as a
consequence of the remarkable decrease in annual runoff from the basin of about -11
mm decade−1. This behaviour could be mainly ascribed to the increase in evapotran-
spitation driven by both the increasing temperature and the changes in land-use and
coverage occurred over the last century on the basin (Birkinshaw et al., 2014). How-
ever, further analyses are needed i) to assess the role of natural and anthropogenic forc-
ings, ii) to quantify the contribution of increasing glacier melting on the basin runoff
and iii) to investigate the possible underestimation of winter precipitation due to the
lower station coverage of mountainous areas and the difficulty of high-elevation rain-
gauges to measure the solid precipitation (Sevruk et al., 2009; Eccel et al., 2012). As
an example of application of the dataset, specific events of intense precipitation in the
past were reconstructed at monthly scale, in particular the event of November 2002
was analysed and the robustness of the resulting spatial field was discussed. Further
developments of the presented study will concern the improvement of daily data avail-
ability over the area, especially before 1951, by the digitisation of precipitation records
still in hardcopy yearbooks at the aim of extending the analyses to the daily resolution.
The same methodology was also applied to reconstruct a gridded dataset of 1913-2015
monthly precipitation series over a smaller area centred over the Forni glacier where
some additional station data were retrieved. The resulting dataset allowed to assess
the local trends and variability of the areal precipitation series and, in collaboration
with another PhD student, it was used to compare the estimated precipitation values
for the period 2005-2015 with the measures provided by the Automatic Weather Station
located on the glacier tongue.
7.3 1922-2011 monthly precipitation records over Sar-
dinia: long-term trends and variability
In order to analyse the variability and trends of monthly precipitation over one of the
main Italian Mediterranean islands, the anomaly method was applied to provide a 30-
arc second resolution dataset of 1922-2011 monthly precipitation series for Sardinia. A
dense database of long rain-gauge observations was retrieved from the archive of the
Hydrographic Service, integrated with the records which were already available in the
database used for the construction of Italian climatologies and extended in the past
by newly digitised data. The resulting 367 monthly series were analysed for quality
and homogeneity before performing the interpolation procedures. In particular, spuri-
ous monthly values were invalidated, metadata checked and corrected, while 27 series
containing relevant breaks due to the station relocations or the merging of close rain-
gauge records were homogenised.
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The trend evaluation was performed on the 1922-2011 average regional precipitation
series retrieved from the final gridded dataset obtained from the combination of 1961-
1990 climatologies and the interpolated anomalies. The trends are in agreement with
previous studies concerning other Mediterranean regions: annual and winter precip-
itation records show negative long-term trends of -2.3% and -4.1% decade−1, respec-
tively, with significance levels above 99%, while the tendency for the summer season
is positive even though not statistically significant (e.g. Freidas et al., 2007; Gonzàlez-
Hidalgo et al., 2011; Brunetti et al., 2012). The same outcome was observed by the
evolution of annual precipitation normals over consecutive 30-year periods spanning
the whole reconstructed interval.
The gridded dataset is also available for the analysis of specific episodes of intense
precipitation or dry spells occurred over the region in the past. The recovery of new
digitised data for the past will allow to extend back the reconstruction and the applica-
tion of the anomaly-based procedure on a daily database could be useful to analyse the
variability of extremes and the long-term precipitation evolution on a finer time scale.
7.4 The integration of numerical model datasets with
in-situ observations for the reconstruction of high-
resolution climatologies
The 1981-2010 monthly precipitation climatologies over Norway were computed on
a regular grid of 1 km resolution by a new spatialisation scheme called HCLIM+RK
combining the monthly precipitation fields retrieved from HCLIM-AROME numeri-
cal model dataset (Lind et al., 2016) with the rain-gauge observations by means of the
residual kriging interpolation. The available daily records over Norway and surround-
ing countries were retrieved from the MET Norway Climate Database and the ECA&D
archive, analysed for quality, subjected to a daily gap-filling procedure and converted
into monthly resolution. These activities allowed to get a large observation database
covering the whole Scandinavian peninsula with more than 1000 stations located in
Norway. However, due to the severe climate conditions together with the orographic
complexity, the availability of rain-gauges is significantly reduced over mountains and
in the remote northern regions. The choice of the combined method helps to overcome
the limits in climatology reconstruction due to the very sparse meteorological network
of Norway and, at the same time, the use of available observations allows to correct
the precipitation biases affecting the numerical model outputs.
The leave-one-out validation on station normals and the intercomparison with con-
ventional interpolation methods using in-situ observations only proved the higher ac-
curacy of HCLIM+RK climatologies and the lower sensitivity to the variations in data
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coverage. In particular, thanks to the information provided by the numerical model
fields where no other observations are available, HCLIM+RK allows to reduce the
underestimation of precipitation at the high-elevation regions generally affecting the
station-based datasets (Lussana et al., 2018).
The gridded dataset was used to discuss the climatic zones of Norway and their fea-
tures in terms of precipitation seasonality and magnitude. In particular, they point
out the strong west-to-east gradient occurring all along the country between the
wet west coast, where mountains act as orographic barrier for the moist oceanic air
masses, and the drier inland featuring more continental conditions. The grid of 1981-
2010 monthly precipitation climatologies over Norway has been freely released at
https://zenodo.org/record/1304042#.Wzti8Bx9i90 for both applicative and research
purposes.
The work allowed to suggest a promising interpolation approach which could be ap-
plied over any domain unevenly covered by meteorological station networks and hav-
ing available high-resolution numerical model datasets. At the same time, the settle-
ment of new automatic stations at high-elevation sites is expected to improve the data
availability for the remote regions in the next future and to contribute in increasing the
accuracy of the climatological estimates.
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